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INTRODUCTION 


The melting of glass in a terrestrial environment involves an 
obstacle to maintaining high purity levels due to contamination by con- 
tainer walls, a problem which can be alleviated by containerless melting 
in the space environment. The ultimate objective of the present research 
program is to take advantage of the containerless melting of glasses in 
space for the preparation of ultrapure homogeneous glass for optical 
waveguides. However, the homogenization of the glass using conventional 
raw materials is normally achieved on earth either by the gravity induced 
convection currents or by the mechanical stirring of the melt. Because 
of the absence of gravity induced convection currents, the homogenization 
of glass using conventional raw materials will be difficult in the space 
environment. 

Multicomponent, homogeneous, noncrystalline oxide gels can be 
prepared by the sol -gel process and these gels are promising starting 
materials for melting glasses in the space environment. The sol-gel pro- 
cess referred to here is based on the polymerization reaction of alkoxy- 
silane with other metal alkoxy compounds or suitable metal salts. Many 
of the alkoxysilanes or other metal alkoxides are liquids and thus can be 
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purified by distillation. The use of gels offers several advantages such 
as high purity and lower melting times and temperatures. Hence, the pre- 
sent research program aims at the utilization of the sol^gel process for 
the preparation of multicomponent, ultrapure glass batches for subsequent 
containerless melting of the batches in space to prepare glass blanks for 
optical waveguides. 

Prior to "space readiness", however, several critical control 
points must be carefully evaluated on earth. Hence the present ground 
based program comprises two major phases; Phase 1 and Phase 2. 

Phase 1 involves the following activities; 

• Selection of the best multicomponent glass system 
suitable for optical waveguides. 

• Choice of composition in a particular system. 

• Preparation of gels in the chosen multicomponent 
system (with reagent grade chemicals) by different 
procedures. 

• Thermal treatment of gels for removal of volatiles 
and water. 

• Characterization of gels. 

• Melting of gels prepared by different procedures. 

• Characterization of the resulting glasses in terms 
of properties relevant to optical waveguide appli- 
cations. 

Phase 2, to be initiated in a follow-on effort, plans to concen- 
trate on the following activities; 

• Preparation of ultrapure gels by using ultrapure 
chemicals and a Class 100 clean room. 

• Melting of ultrapure gel pellets using both a 
container and containerless melting. 

e Characterization of glasses in terms of trace 
level transition metal impurities and absorptive 
losses. 

Some of the activities of Phase 1 were performed during 
1979 (JPL Contract 955361) and have been reported in the Final Report 
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to Jet Propulsion Laboratory, dated February 22, 1980. Further Phase 1 
activities were performed in 1980 and are summarized in an Interim Report dated 
January 15, 1981. The latter work consisted of the following activities: 

(a) Preparation of gels in the alkali borosilicate 
system by different procedures developed during 
the initial period of the program. 

(b) Evaluation of the physico-chemical nature of 
gels prepared by different procedures. 

(c) Investigations of the structure of glasses obtained 
by the melting of gels prepared by different 
procedures . 

(d) Effects of the melting history (e.g., time and 
temperature) on the structure of glasses 
obtained from gels. 

(e) Thermal treatment for the removal of hydroxyl 
groups from gels. 

In this Final Report, Phase 1 has been completed and represents 
work carried out through July 31, 1981. In this period, emphasis was 
placed on gel preparation procedures and compositions to show that 
the physico-chemical nature of the gels are strongly influenced by the process 
parameters. 


SUMMARY 


Our primary objective is the utilization of the sol-gel process 
for the preparation of multicomponent, ultrapure glass batches for subse- 
quent containerless melting to prepare glass blanks for optical waveguides. 
The objectives of the completed first phase of the work were as follows: 

• Selection of a multicomponent glass system for 
optical waveguide applications, 
t Development of gel preparation procedures for 
the chosen multicomponent system (with reagent 
grade chemicals). 
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• Thermal treatment of gels for removal of volatiles 
and water. 

• Characterization of gels. 

• Melting of gels prepared by different procedures. 

• Determination of water content of the resulting 
glasses. 

t Rayleigh scattering studies of the glasses pre- 
pared by the melting of different gels. 

• Comparison of the microstructures of the phase 
separated glasses obtained from the gels prepared 
by two different procedures. 

The glass system chose. i in the first task of the program was the ^0- 
BgOj-SiC^ system. The intrinsic attenuation of the glass was originally 
of interest in the visible and near infrared region (0.80 to 0.9 ym) of 
wavelength. The al kal iborosi 1 icate system was acceptable in this first 
oDeratina wavelenqth reqion. This glass system was investigated 

for optical waveguide applications.^ Consequently, some 
properties of this system relevant to the optical waveguide application 

were available. So, the soda borosilicate system is an ideal system for 
the development and understanding of the gel preparation procedures and 
also for the characterization of the gel-derived glasses because the 
physico-chemical properties and structures of the glasses in this System 
are available in the literature. 

The results of this research project completed in July, 1981, 
can be summarized as follows: 

Gels of different compositions in the sodium borosilicate system 
were prepared by three different procedures using three different sources 
of Na^O. The influence of various process parameters (such as chemical 
nature of the reactants, the pH of the medium, the concentration of water 
and the reactants) on the gelling process were investigated. The results 
show that the physico-chemical nature of gels and gel-monol iths are strongly 
influenced by the process parameters. 

The removal of organics for the gel powders were related to the 
gel preparation procedures and the compositions of the gels. The different 
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time and temperature required for the removal of organics from the different 
gels might be explained in terms of entrapping of the residual organics 
in the pores which would depend on the nature of the porosity and the rate 
of closing of the pore during the thermal treatment cycle Th difference 
in the physico-chemical nature of the gels could be explained in terms of 
the anticipated mechanics and kinetics of the gelling processes that take 
place under the experimental conditions in each procedure used. Infrared 
absorption spectra of the gels prepared by the different procedures indicate 
some finite differences in the molecular structure of the gels. However, 
the melting of gels at higher temperatures (>1200 C) results in near equi- 
librium in the melts for each of the gels. The microstructures of the 
phase separated glasses obtained from the gels prepared by the different 
procedures were found to be different. Most likely, the difference is 
due to the presence of different concentration of hydroxyl groups which 
influence the phase separation. The hydroxyl groups from the porous gel 
powders were reduced to a great extent by passing dry oxygen or reactive 
gases through the porous gels at temperatures below the cl l ing of the 
pores. The hydroxyl content of glasses obtained by the meUing of gels 
prepared by the different procedures were also found to be different. 

Furthe'* removal of hydroxyl groups was achieved by bubbling dry ^ through 
the glass during melting. The hydroxyl content of the glasses after 
bubbling with dry ^ was in the range of 10 to 20 ppm. No further sys- 
tematic investigation was carried out to get a minimum value. It may be 
noted that the proper choice of temperature, time, and reactive gas 
during the chemical treatment of the gel powders would further reduce 
the hydroxyl content of the glass. The glass composition we used con- 
tained a high concentration of B^, and consequently, it required highly 
controlled experimental conditions for the further reduction of hydroxyl 
groups from these glasses. Rayleigh scattering studies of the glasses 
obtained from the gels prepared by different procedures were made. The 
results of these Rayleigh scattering measurements indicate that the homogeneity 
of gel -derived glasses is much higher than that of the glass prepared by the 
conventional technique. The results also indicate that there is a difference in 
homogeneity of the glasses prepared by different gel preparation procedures. 
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PART IA. GENERAL EXPERIMENTAL PROCEDURES FOR GEL-DERIVED GLASSES 


The experimental procedures of the present work have been divided 
into the following activities: 

• Choice of composition. 

• Preparation of gels. 

t Thermal treatment of gels. 

• Characterization of gels. 

• Conversion of gels to glasses by melting. 

• Characterization of glasses. 

Choice of Composition 

The objective of the initial work was to establish the procedures 
required to prepare multicomponent glasses via the gel route and evaluate 
phenomena likely to be important in melting and characterization of glasses. 
Three different compositions were chosen to study the various aspects of 
the present investigation. The compositions are given in Table 1. 

Composition 1 lies outside the metastable 1 inuid-1 iquid immis- 
cibily zone of the ternary Na 20 -B 203 -Si 02 system. It was selected to 
establish the pel preparation procedures and to investigate the removal 
of hydroxyl groups from the gels before me! tiny, and subsequently from 
the glass during melting. Moreover, it was presumed that the preparation 
of gels with such high alkali content would encounter more difficulties 
associated with non-uniform distribution of Na + ions. 

Composition 2 was chosen for preparing glasses for the Rayleigh 

Scattering studies. This composition was chosen because some previous 
( 2 ) 

work on Rayleigh Scattering has been done with this composition prepared 
by conventional methods and, as such, it would be possible v o compare 
the results of the gel-derived glasses with those of the conventional 
glasses. 
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TABLE 1. COMPOSITION OF GLASSES 


Composition (Weight Percent) 

No. Si0 2 B 2 0 3 Na 2 0 

1 60.0 15.0 25.0 

2 55.0 25.0 20.0 


3 


60.0 


30.0 


10.0 
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Composition 3 which falls within the liquid-liquid immiscibility 
zone in the Na 2 0 -B 203 -Si 02 system was chosen to study the phase separation 

behavior of gel-derived glasses. 

The locations of the above compositions in the Na^-B^-Si^ 
ternary diagram is shown in Figure 1. 

Preparation of Gels 

The development of the gel preparation procedures has been 
considered in terms of several factors which are important for fulfilling 
the objectives of the present research program. The following factors 
have been considered. 

• Chemical nature of the s_arti..g compounds and 

the purity attainable with the starting compounds. 

• Homogeneity of the multicomponent solution and 
the gelling process- 

• Removal of volatile organic or inorganic com- 
pounds by thermal treatment- 

t Crystallinity of gels. 

Starting Compounds 

The following starting compounds have been used as sources of 
different oxides in the different procedures. 


Oxide 

Source 

Si0 2 

Tetraethyl Orthosilicate 

B 2°3 

Boric Acid 


Trimethyl Borate 

Na 2 0 

Sodium Methylate 


Sodium Nitrate 


Sodium Acetate 
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Note that the compounds that are commercially available 
in ultrapure conditions are: 

Tetraethyl Silicate 
Boric Acid 
Sodium Nitrate 

Though trimethyl borate is not available on the market it can be, 
in principle, purified to ultrapure condition by distillation. 

Homogeneity of the Solution and the Gelling Process 

Since the homogeneity of gels in terms of cation distribution 
is an important objective of the present work, the preparation procedures 
have been critically judged in terms of homogeneity. Thus, the stability 
of the solution on addition of different constituents and the homogeneity 
that could be achieved were considered. 

The homogeneity and the stability of the solution are influenced 
by various process parameters such as the nature of the reactants, the pH 
of the medium, the concentration of the reactants, and the presence of 
minor additives. A qualitative assessment of the above factors have 
been made. 

Removal of Organic Group s 

The removal of residual organic groups from the gel by the low 
temperature (<500 C) thermal treatments is a complex process and appears 
to be also related to the gel preparation procedures. The primary concerns 
were to prevent carbonization during the thermal treatments, and to have 
an understanding of the relation between the gel preparation process and 
the removal processing of the organic groups. 
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Cry s all i n i ty of Gels 

The primary concern was to prepare gels without any crystallinity 
and to examine the crystallinity, if any, developed after thermal treatments. 

G el Preparation Procedures 

Gel preparation procedures based on two different approaches 
havt been developed. The first approach consists of the reactions of 
all or most of the reactants in nonaqueous solvents. Initially, all or 
most of the reactants were allowed to mix and react with each other in 
the presence of a catalyst. Subsequently, the gelation was initiated 
by one of the following ways: (a) adding a limited amount of water, 

md (b) by exposing the final solution to atmospheric moisture. 

The second approach is based on the initial partial hydrolysis 
f tetraethyl orthosilicate by the addition of a limited amount of water 
end an acid catalyst before the addition of other constituents. Subsequently, 
aqueous soluti'.s of the other constituents were added for the reaction 
and gelation. 

The gel preparation procedures developed for the compositions 
selected for the present investigations are described separately for 
each composition in a later section of this report. 

Thermal Treatment of Gel s 

The main objective of the thermal treatment is to remove the 
vola le organic or inorganic compounds or groups (such as alcohols, 
nitrates, hydroxyl groups and alkoxy groups) by volatilization and de- 
composition, and thus to transform the gel to homogeneous non-crystalline 
oxides. After the preparation, the gel may be visualized as a system 
of solid character in which the macromolecules are dispersed in a solvent 
and somehow constitute a coherent structure. Thus, it contains the 
solvent, the alcohols produced by the reaction, chemically bonded unreacted 
residual alkoxy groups, and residual unreacted water. Hence, the following 
phenomena might occur during the thermal treatment. 
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• Removal of solvents and the release of free alcohols 
at a lower temperature. 

• Hydrolysis of the chemically bonded alkoxy groups 
with the atmospheric moisture or with the excess 
water incorporated during the preparation of gel. 

• Oxidation and removal of organic molecules as CO2 
and H2O at a later stage of thermal treatment. The 
presence of oxygen is beneficial at this stage. 

• Formation of nicropores with highly reactive surfaces 
after the removal of solvents and residual organic 
groups. 

• Collapsing the pores to form a dense structure or 
to form closed pores. 

The main concern for the thermal treatment in the present work 
is to develop a procedure which would secure the maintenance of gel purity. 
Hence, a time-consuming thermal treatment procedure is not desirable. 

To realize this objective various combinations of steps involving humidity 
treatment, heating in steps and different rates of heating were used. 

The thermal treatment procedures followed for removal of organics from 
the gels of the compositions selected for the present investigation are 
described separately for each composition. 

Characterization of Gels 


The physico-chemical nature of gels is controlled by the method 
of preparation. Hence, attempts were made to characterize gels prepared 
by different procedures to know the physico-chemical properties of the 
gels after thermal treatments. The following aspects were examined. 

• Color. 

• Carbon content. 

• Crystallinity. 

• Specific surface areas. 
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Conversion of Gels to Glasses by Melting 

The melting of gels were done to achieve the following: 

• Time and temperature required to obtain glasses 
free from melting defects. 

• Reduction of hydroxyl content of the glass. 

t Gels of one composition but prepared by different 
procedures were melted in order to determine the 
Rayleigh Scattering loss in relation to the method 
of preparation and the heat treatment of the 
glasses. Also, one glass sample was prepared by 
conventional techniques using the same composition 
for comparison. 

• Gels of one composition but prepared by different 
procedures were melted to investigate the phase 
separation behavior of gel-derived glasses. 

Characterization of Glasses 


The glasses obtained from gels prepared by different 
procedures were characterized with respect to the following aspects: 

• Melting defects (i.e., bubbles and particles) 

• Microstructures evaluated by Electron Microscopy and 
Small Angle X-ray Scattering 

t Homogeneity evaluated by Light Scattering 
(Raleigh Scattering) 

• Molecular Structures evaluated by 

a. Infrared Spectroscopy 

b. Raman Spectroscopy. 

The Raman spectroscopic measurements were performed at the 
Materials Research Laboratory of the Pennsylvania State University. 
Small angle x-ray scattering was carried out at the Jet Propulsion 
Laboratory, Pasadena, California. Rayleigh Scattering studies were 
performed at the Vitreous State Laboratory of Catholic University of 
America, Washington, D.C. 
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PART IB. EXPERIMENTAL WORK ON AND RESULTS OF COMPOSITION 1 


The experimental results of the present work have been divided 
into the following activities: 

• Choice of composition. 

t Gel preparation procedures. 

• Thermal treatment of gels. 

• Characterization of gels. 

• Conversion of gels to glasses by melting. 

• Characterization of glasses. 

Choice of Composition 

The objective of the initial work was to develop the gel prep- 
aration procedures and to characterize glasses obtained from those gels. 

A composition containing a high proportion of alkali oxide and being outside 
the metastable liquid-liquid immiscibility zone was selected for the present 
study. The composition was as follows (in weight percent) 

Si0 2 :60; B 2 0 3 : 15; Na 2 0:25. 


Gel Preparation Procedures 

Several preparation procedures were developed during the initial 

(3) 

period (Final Progress Report, JPL Contract 955361)' of this program. 
Three preparation procedures using three different sources of Na 2 0 were 
selected from the procedures developed earlier. However, some modifica- 
tions of the procedures were made during the present work. The prepara- 
tion procedures are described below. 

Procedure 1-1 . Starting Compounds: Tetraethyl Orthosilicate 

Boric Acid 
Sodium Methylate 
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Tetraethyl orthosilicate was mixed with about 1/2 its volume of 
anhydrous ethanol. The solution was heated to 40 C, and after 10 minutes 
tetraethyl orthosilicate was partially hydrolised with a small proportion 
of acidified water [2 mol ^O/mol of SifOCgHg)^]. The pH of the solution 
was five after the addition of acidified water. A small volume of 
acetylacetone (3 ml/100 ml of Si (OCgHg)^) was added after the addition of 
acidified water. After stirring the solution for 1/2 hour, boric acid 
dissolved in boiling methanol (30 g/100 ml) was added to the solution. 

The pH of the solution was about six. After 1 hour, sodium methylate 
dissolved in methanol was added to the mixture. The pH increased to 
about 10. The solution was stirred for 45 minutes. After 45 minutes, 
a mixture of water and ethanol (1:4 ratio) was added to the solution to 
introduce more water for further hydrolysis and gelation. The amount of 
water added was 5.8 mols per mol of Si( 0 C 2 Hg)^. The solution gelled 

within 5 minutes on addition of the alcohol water mixtures. 

Procedure 1-11 . Starting Compounds: Tetraethyl Orthosilicate 

Boric Acid 
Sodium Nitrate 

Tetraethyl orthosilicate was mixed with about 1/2 its volume of 
anhydrous ethanol. The solution was heated to approximately 40 C. After 
5 minutes, a requisite amount of water acidified with dilute HC1 was added 
for the partial hydrolysis of tetraethyl orthosilicate. After stirring 
for 1/2 hour, boric acid dissolved in methanol (30 g/100 ml) was added 
to the solution. The solution was stirred for about 1 hour. Finally, a 
dilute aqueous solution of sodium nitrate was added to the mixture. The 
total amount of water added with the sodium nitrate was several times the 
amount of water required for the complete hydrolysis of tetraethyl ortho- 
silicate. The proportion of water was 20 mols per mol of Si ( 002 ^ 5 ) 4 • 

Procedure 1 - 1 1 1 . Starting Compounds: Tetraethyl Orthosilicate 

Trimethyl Borate 
Sodium Acetate 

Tetraethyl orthosilicate was mixed with 1/2 its volume of 
anhydrous ethanol. The mixture was heated to 40 C, and was hydrolised 
in excess water in the presence of an acid catalyst with a pH of approximately 
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2. The amount of water added was about 11 mols per mol of 
After stirring for 1/2 hour, trimethyl borate was added and the mixture 
was stirred for 45 minutes. Finally, a sodium acetate solution was 
added rapidly to the solution with continuous stirring. The gelation 
took place after 1/2 hour. 

Thermal Treatment of Gels 


The thermal treatment of gels was carried out to achieve the 
following two objectives: 

a The removal of organics. 

• The removal of hydroxyl groups. 

Treatment for the Removal of Organics From Gels 

The thermal treatment procedure used for the removal of organics 
consisted of heating in steps and a slow rate of heating. 

The thermal treatment procedure consisted of the following 

steps: 

(1) Drying in air under an infrared lamp (^60 C) for 
2 to 3 days. 

(2) Drying in an air oven at approximately 150 C for 
48 to 60 hours. 

(3) Heating from 150 C to 600 C at the rate of 10 C/hour. 

(4) Holding at 600 C for about 20 hours. 

It was observed that the spraying of water during the initial 
thermal treatment under the infrared lamp was beneficial for the removal 
of organic groups during the firing cycle. Initial thermal treatments of 
"as prepared" gels in a humidity chamber were also beneficial for the 
removal of organic groups. 
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Treatment for the Removal of Hydroxyl 
Groups From the Gels 

The following steps were taken for the removal of hydroxyl 

groups: 

(1 ) Baking in an oven. 

(2) Passing dry O2 through the porous gels at 
elevated temperatures. 

(3) Passing thionyl chloride ( S0C1 2 ) vapor carried 
by dry oxygen through the porous gels at 
elevated temperatures. 

(4) Passing carbon tetrachloride (CCI4) vapors 
carried by dry oxygen through porous gels at 
elevated temperatures. 

(5) Subsequent melting of the thionyl chloride 
treated gels. 

(6) Melting of dehydrated gels in a nitrogen atmosphere. 

Experimentation involving dehydration procedures were designed 

to remove as much water (hydroxyl groups) as possible at low temperatures 
before melting. Initial experimentation involving Composition 1 gel 
powders utilized a horizontal tube furnace while passing either dry 
oxygen only (dewpoint: -60 C), or dry oxygen bubbled through liquid 
thionyl chloride vapors, for varying time periods. These procedures 
reduced the OH" content in the subsequently melted glasses, but thionyl 
chloride treatment caused an extensive liquid-liquid immiscibil ity in 
the melts. 

Subsequently, the procedures were modified and a closed vertical 
flow apparatus was used for dehydration. A diagram of this 
system is shown in Figure 2. The vertical flow column was packed with 
gel powder while dry oxygen or dry oxygen-carrying thionyl chloride or 
carbon tetrachloride vapors was forced upward through the packed column. 
This allowed for a more intimate contact between the gel powder and the 
dry gases. The temperature within the furnace was raised at a rate of 
50 C/hour to optimal dehydration temperatures (300 C for Procedure III 
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powders, 200 C for Procedure I and III powders). Powders that were kept 
at these temperatures, with the longest period of dry oxygen flow, pro- 
duced glasses of the lowest OH content. As in the earlier experimentation, 
gel powders treated with thionyl chloride vapor showed a definite liquid- 
liquid immiscibility in the melts. The thionyl chloride treatment was 
therefore discontinued. The gel powders treated with only dry oxygen or 
dry oxygen carrying carbon tetrachloride vapors produced clear melts of 
reduced OH content. Results of dehydration experimentation and hyd 
determination are recorded in Table 11 appearing later in the report 

Characterization of Gels 


Color of Gels 


The results of thermal treatments at various temperatures and 
times and their effect on color are summarized in Table 2. It is evident 
from the results that the removal of organics from gels is related 
to the gel preparation procedure as well as to the thermal treatment pro- 
cedures. 

Carbon Content 


The total carbon content of gels prepared by different pro- 
cedures and heat treatment at 600 C for 40 hours was analyzed. The 
results are given below: 

Gel Preparation Total Carbon 

Procedure Content (wt %) 


1- 1 

0.1 

1- II 

0.1 

1- III 

0.6 
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TABLE 2. COLOR OF GELS AFTER HEAT TREATMENT 


Gel 

Preparation 

Procedure Heat Treatment Appearance 


1-1 

150 

C 

for 

48 hours 

Tan 

1- 1 

150 

C 

for 

48 hours and 

Grey 


600 

C 

for 

5 hours 


1-1 

150 

C 

for 

48 hours 

Grey 


600 

C 

for 

40 hours 


1- !I 

150 

C 

for 

48 hours 

White 


150 

C 

for 

48 hours and 

White 


600 

C 

for 

5 hours 



150 

C 

for 

48 hours 

White 


600 

C 

for 

40 hours 


1- III 

150 

c 

for 

48 hours 

Black 


600 

c 

for 

40 hours 



150 

c 

for 

48 hours 

Black with grey 


600 

c 

for 

5 hours 

particles 


150 

c 

for 

48 hours 

ii 


600 

c 

for 

40 hours 
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Crystallinity 

Gel samples after thermal treatments at 600 C for different 
time periods were examined by x-ray powder pattern techniques. The results 
are given in Table 3. 

Surface Areas 


The surface areas of qels prepared bv different procedures 
were measured on a micrometric instrument over a range of temperatures 
to get an idea about the change of surface area with temperature. 

Two sets of experiments were performed to study the change of 
surface area as a function of temperature. In the first series of ex- 
periments, the surface areas were measured on a micrometric instrument 
over a range of temperatures in situ. The gels were held at each 
rising temperature for 1/2 hour before the measurement of surface area. 

The heating was done wh le the samples were under the micrometric in- 
strumer . In this series of experiments, the fresh gel sample was heat 
treated inside the micrometric instrument and was evacuated after the 
heat treatment, and, subsequently, the surface area was measured. Con- 
sequently, the surface was not exposed to the atmosphere after the heat 
treatment and surface pores were cleaned under vacuum after the vola- 
tilization of the solvents. Moreover, the time was short, so the time 
may not have been long enough for reaching the equilibrium surface area 
at that temperature, because at higher temperatures the formation of 
pores as well as the closing of pores might occur simultaneously. 

Results of the first set of experiments are shown in Table 4. 

In the second series of experiments, the gels were heat treated 
at different temperatures for different time periods in a furnace under 
air atmosphere. The samples were then taken out, and stored in atmospheric 
conditions. Subsequently, the surface 'ea of the heat treated gels were 
meausred. Moreover, the period of heat treatment was longer than that of 
the first set of experiments. Consequently, the heat treatment at higher 
temperatures for longer time periods might have caused opening as well as 
closing of the pores. Results of these experiments are shown in Table 5. 
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TABLE 3. CRYSTALLINITY OF GELS AFTER VARIOUS THERMAL TREATMENTS 


Gel 

Preparation 

Procedure 

Thermal 

Treatment 

Crystallinity 

1-1 

13 Hours 
at 500 C 

Non crystal line 

1-1 

24 Hours 
at 500 C 

Noncrystalline 

1-1 

2 Hours 
at 600 C 

Noncrystalline 

1-1 

40 Hours 
at 600 C ' 

Noncrystalline 

l-II 

After Air 
Dryup 

Crystalline, 
(Due to NaN0 3 ) 

MI 

2 Hours 
at 500 C 

Crystalline 

1-1 1 

2 Hours 
at 600 C 

Crystalline 

l-II 

40 Hours 
at 600 C 

Crystal 1 ine 

l-III 

13 Hours 
at 500 C 

Noncrystal 1 ine 

l-III 

24 Hours 
at 500 C 

Noncrystalline 

l-III 

2 Hours 
at 600 C 

None rys tall ine 

l-III 

40 Hours 
at 600 C 

Noncrystalline 



* ? 



TABLE 4 
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SURFACE AREAS OF GELS PREPARED BY DIFFERENT PROCEDURES 
AFTER ONE -HALF HOUR HEAT TREATMENT AT DIFFERENT TEMPERATURES 


Gel 

Preparation 

Procedure 

Temperature 

of 

Treatment 

Surface 

Area 

m 2 /g 

M 

150 C 

40.00 

1-1 

300 C 

42.00 

1-1 

500 C 

2:0.00 

1-Ii 

150 C 

6.00 

l-II 

300 C 

6.00 

l-II 

400 C 

6.00 

l-II 

500 C 

2:0.00 

l-III 

150 C 

2.00 

l-III 

300 C 

25.00 

l-III 

400 C 

100.00 

l-III 

500 C 

11.00 
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TABLE 5. SURFACE AREAS OF GEL SAMPLES AFTER 
DIFFERENT THERMAL TREATMENTS 



Heat 

Period of 


Gel 

Treatment 

Heat 

Surface 

Preparation 

Temperature 

Treatment 

Area 

Procedure 

(C) 

(Hours) 

(m 2 /g) 

1-1 

200 

2 

15 

1-1 

200 

4 

22 

1-1 

250 

2 

15 

1-1 

250 

4 

13 

1-1 

250 

6 

15 

1-1 

300 

2 

14 

l-I 

300 

4 

15 

1-1 

300 

6 

6 

l-II 

200 

2 

30 

l-II 

200 

4 

33 

l-II 

275 

2 

33 

l-II 

275 

4 

34 

l-II 

275 

6 

21 

l-II 

350 

2 

-v-0 

l-II 

350 

4 

1 

l-II 

350 

6 

0.37 

l-III 

?00 

2 


l-III 

200 

6 

51 

l-III 

300 

2 

38 

l-III 

300 

4 

46 

l-III 

400 

2 

49 

l-III 

400 

4 


l-III 

400 

6 

42 
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Conversion of Gels to Glasses by Melting 
Gel powders were melted to address the following objectives. 

• To study the molecular structure of gel-derived 
glasses. 

• To study the effect of process parameters of 
melting on the removal of hydroxyl groups. 

Mel t j ng_ of G el Po wders for Stud yi ng t he Mo lecula r 
Structure of Gel-Derived Glasses 


The gels prepared by different procedures were heat treated up 
to 500 C to remove organic matters and were subsequently melted at 1000 C 
to obtain clear glass by eliminating residual carbons. The results are 
summarized in Tables 6, 7, and 8. 

Me 1 1 i ng o f GeJ Powders^ _for S tud ying the 
Removal ^ of Hyd roxyl Groups 

Initially, Composition 1 gel powders having no dehydration 
treatments were melted. These melts were used for comparison 
after determination of OH content in the dehydrated melts. For this, 
gel powders were placed in a platinum crucible and left for approximately 
16 hours at 500 C. The temperature was then raised quickly to 1200 C 
and held for 5 hours. After melting, clear glass patties were made by 
pouring the melt onto a hot stainless steel plate and annealing for 1 
hour at 580 C. 

Dehydrated gel powders were treated at optimal dehydration 
temperatures, then the temperature was raised to 500 C with continued 
dry oxygen flow. These powders were kept at 500 C for approximately 16 
hours, then raised to melting temperatures quickly (with no dry oxygen 
flow). Pouring and annealing procedures of these melts were the same as for 
the others. Gel powders having thionyl chloride treatment showed a 
I i qu id-liquid iinmiscibi lity in the melts. Gel powders having only dry 
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TABLE 6. EFFECT OF TIME AND TEMPERATURE ON THE REMOVAL OF RESIDUAL 
CARBON DURING THE MELTING OF GELS PREPARED BY PROCEDURE 1-1 


Thermal 


Experiment 

No. 

Treatment 
Prior to 
Melting 

Melting 

Temperature 

(C) 

Melting 

Time 

(Hours) 

Appearance 

(D 

After 
Infrared 
Dryi ng 

1000 

2 

Grey Colors, 
Transparent 
Numerous 
Bubbles 

(2) 

After 
Infrared 
Dryi ng 

1000 

3 

Colorless and 
Transparent, 
Less Number 
Bubbles 

(3) 

After 

Infrared 

Drying 

1000 

4 

Colorless and 
Transparent, much 
Less Bubbles 

(4) 

After 

Infrared 

Drying 

1000 

5 

Highly 

Transparent, Bubble 
Undetected 

(5) 

After 
Infrared 
Dryi ng 

1100 

2 

Quite Transparent 
and Colorless, no 
Detectable Bubbles 

(6) 

After 

Infrared 

Drying 

noo 

3 

Highly Transparent 
Colorless, no 
Bubbles 

(7) 

After 

Infrared 

Drying 

1200 

1 

Transparent 
Colorless, no 
Bubbles 

(8) 

After 
Infrared 
Dryi ng 

1200 

2 

Transparent 
Colorless, no 
Bubbles 

(9) 

After Thermal 
Treatment 
up to 500 C 

1000 

5 

Transparent Glass 
after 5 Hours 

(10) 

After Thermal 
Treatment 
up to 500 C 

noo 

3 

Transparent Glass 

(ID 

After Thermal 
Treatment 
up to 500 C 

1200 

2 

Transparent Glass 
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TABLE 7. EFFECT OF TIME AND TEMPERATURES ON THE REMOVAL OF RESIDUAL 

CARBON DURING THE MELTING OF GELS PREPARED BY PROCEDURE l-II 


Experiment 

No. 

Thermal 
Treatment 
Prior to 
Mel ting 

Melting 

Temperature 

(C) 

Melting 

Time 

(Hours) 

Appearance 

0) 

Thermal 
Treatment 
up to 500 C 

1000 

1 

Transparent 

(2) 

Thermal 
Treatment 
up to 500 C 

1000 

2 

Transparent 

(3) 

Thermal 
Treatment 
up to 500 C 

1000 

4 

Transparent 
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TABLE 8. EFFECT OF TIME AND TEMPERATURE ON THE REMOVAL OF RESIDUAL 

CARBON DURING THE MELTING OF GELS PREPARED BY PROCEDURE l-III 



Thermal 





Treatment 

Melting 

Melting 


Experiment 

Prior to 

Temperature 

Time 


No. 

Melting 

(C) 

(Hours) 

Appearance 


(1) 

Thermal 
Treatment 
up to 500 C 

1000 

1 

Transparent 
with some 
Black Residue 

(2) 

Thermal 
Treatment 
up to 500 C 

1000 

2 

Transparent 
with some 
Black Residue 

(3) 

Thermal 
Treatment 
up to 500 C 

1000 

4 

Transparent 

(4) 

Thermal 
Treatment 
up to 500 C 

1200 

1 

Transparent 
with some 
Residue 

(5) 

Thermal 
Treatment 
up to 500 C 

1200 

2 

More 

Transparent 

(6) 

Thermal 
Treatment 
up to 500 C 

1200 

4 

Transparent 


29 


oxygen or dry oxygen-carrying carbon tetrachloride vapor during dehydration 
produced clear melts with reduced OH content. 

Further attempts at the removal of hydroxyl groups of Composition 
1 gel glasses were made during the melting process. During the melting 
process, a platinum crucible containing glass made from dehydrated gel 
powders was placed in a furnace. The platinum crucible was covered with 
an inverted high purity alumina crucible to isolate the gel glass from 
atmospheric water and oxygen. Two tubes extended through the top of the 
furnace, through the "bottom" of the inverted alumina crucible into the 
isolated area. These tubes consisted of: 

(1) A platinum tube reaching into the contents of 
the platinum crucible, for bubbling dry 
nitrogen (dewpoint ^-59 C) through the glass 
during melting. 

(2) An alumina tube reaching only inside the 
isolated area for the passage of dry nitrogen 
to produce a dry nitrogen atmosphere over the 
melt. 

In addition, a thermocouple was placed in this isolated area to monitor 
the temperature near the melt. Before these melting procedures took 
place, the entire furnace set-up was heated to approximately 5C0 C to 
remove surface absorbed water from the materials of t^e set-up 
just described. The melting procedure was as follows: the furnace 

was at room temperature during loading, for safety purposes. The tem- 
perature of the furnace was raised to 500 C in 1 hour. At this time, 
both flows of dry nitrogen were started: i.e., flow through the contents 

of the platinum crucible, and dry nitrogen flow above the melt. The 
temperature was raised to 1300 C in approximately 3 hours. The dry 
nitrogen flows continued at 1300 C for 4 hours. Finally, the *ubes 
were removed and glass patties were poured and annealed for 1 hour at 
580 C. Transparent bubble-free glasses were obtained by this procedure. 

The hydroxyl content of these glasses were far superior to the OH content 
of the earlier gel glasses. 
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Characterization of Glasses 


The molecular structure of glasses obtained from gels 
prepared by different methods were investigated by Infrared Spectroscopy 
and Raman Spectroscopy. 

Infrared Spectroscopic Studies 

The infrared spectra of the glasses were taken by the KBr 
pellet technique; the results showing the change in the position of 
the absorption band due to Si -0-Si stretching (v cm”^) are given in 
Table 9. 

Raman Spectroscopic Studies 

The Raman spectra of qlass samples in the fiber form were mea- 
sured in the 200-to-1300 cm ^ region. This region contains the charac- 
teristic vibrations of the glass structure. The Raman spectroscopic 
measurement was done at the Materials Research Laboratory of the Pennsylvania 
State University. The work was done by T. Furukawa under the supervision 
of Professor W. B. White. The melting history of glasses sent for the 
Raman spectroscopy are given in Table 10. 

The instrument used for the Raman spectroscopic studies was 
an Spex Model 1401. The excitation source was a 514.5 nm green line, 

400-700 MW. 

The results of the Raman spectroscopic studies can be summarized 
as follows: 

(1) All tht glasses produce similar Raman spectra. 

• A weak band at 1475 cm’^; B-0 stretching. 

• A strong band at 1090 cm~^; Si-0 (nonbridging) 
stretching . 

• A fairly sharp peak at 630 cm"^; may be due 
to some boroxy group or borosilicate group. 

(2) Samples 4 and 6 seem to have a slightly stronger 

-i 

1090 cm band compared to the others, which in- 
dicates more Si-0 nonbridging bonds. 
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TABLE 9. CHARACTERISTICS OF THE IR ABSORPTION BANDS DUE 
TO Si -O-Si STRETCHING OF DIFFERENT GLASSES 


Gel 

Preparation 

Procedure 

Melting 

Temperature 

(C) 

Melting 

Time 

(Hours) 

Position of Absorption 
Band due to Si -0-Si 
Stretching (v citH ) 

1-1 

1000 

2 

1000 

1-1 

1000 

3 

1000 

1-1 

1000 

3 

1000 

1-1 

1100 

2 

1000 

1-1 

1200 

1 

1000 

1-1 

1200 

2 

1000 

1-1 

1200 

4 

1020 

1-1 

1400 

2 

1080 

l-III 

1200 

1 

1020 

l-III 

1200 

2 

1040 


l-III 


1200 


4 


1040 
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TABLE 10. MELTING HISTORIES OF THE SAMPLES FOR 
THE RAMAN SPECTROSCOPIC STUDIES 


Sampl e 
No. 

Gel 

Preparation 

Procedures 

Melting 

Temperature 

(C) 

Melting 

Time 

(Hours) 

1 

1-1 

1200 

2 

2 

1-1 

1200 

4 

3 

l-II 

1000 

2 

4 

1-II 

1000 

6 

5 

l-II 

1200 

1 

6 

1 -II 

1200 

3-1/2 

7 

Conventional 
Glass Batch 

1000 

2 

8 

Conventional 
Glass Batch 

1200 

6 
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(3) No bands due to HgO or OH were detected. 

(4) All the mixtures luminesce In the red region. 

Determination of Hydroxyl Content 

Composition 1 glass samples were used for determining the hydroxyl 

content. The glass samples were ground and polished to a thickness of 

2 to 4 mm for taking infrared spectra. The influence of water as a 

polishing fluid was compared to the glass samples polished with kerosene. 

Infrared spectra was taken at room temperature and at 200 C to determine 

the effect of heating the sample. It was observed that heating the 

sample to 200 C showed no difference in the intensity of the spectia. 

The Lambert-Beer Equation was used to calculate the hydroxyl 

content of the glasses. Absorbance values were determined from the 

infrared spectra using the baseline method. The extinction coefficient 

(4) 

was taken from the work of Pearson et al , who determined the extinction 
coefficient due to hydroxyl groups at 2.73 urn in the al kal i-borosil icate 
glass of the composition: Si O 2 : 45 ; B 2 O 2 : 35 ; Na20:20 (mole percent). 

This extinction coefficient is the only one available for our use in 
hydroxyl determination. Taking into account the density of Composition 1 
glass (2.27 g/cm ), the hydroxyl contents in ppm were calculated. These 
results are reported in Table 11. 

Phase Separation WUh Thionyl Chloride Treatment 

The melting of thionyl chloride vapor treated gels resulted 
in the separation into two liquids - a highly fluid top layer and a 
highly viscous bottom layer. The top layer became completely white and 
opaque upon cooling, the bottom layer remained transparent. The distri- 
bution of silicon, sodium, sulfur, and chlorine in the two layers were 
determined by the EDAX technique. The results showed that the top layer 
had a high proportion of sodium and sulfur and traces of chlorine. The 
bottom layer had mostly silicon and a small amount of chlorine. It is 
evident that sodium ions and sulfur, present as sulfate ions, partitioned 
into the top layer which was practically devoid of silica. Whereas, the 
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bottom layer was devoid of sodium ions and had silica as its major con- 
stituent. The determination of the distribution of boron was not possible 
with this technique because of its low atomic welqht. 

A large liquid-liquid immisclbil ity gap^ exists In the system 
SK^-^O-Na^SO^ at 1200 C. Presumably, thlonyl chloride during the 
dehydration treatment reacts with the sodium ions and residual water to 
form sodium sulfate which causes the liquid-liquid separation during 
melting. The presence of a large proportion of sulfur and sodium in 
the top fluid layer substantiate the explanation suggested. 
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PART II. GEL-DERIVED GLASSES FOR RAYLEIGH SCATTERING 
STUDIES (EXPERIMENTAL RESULTS) 

The experimental results of the present work or Rayleiqh 
Scattering studies have been divided into the following activities. 

• Choice of composition. 

e Choice of starting compounds. 

0 Preparation of gels. 

0 Thermal treatment of gels. 

0 Characterization of gels. 

0 Melting of gels and conversion to glasses. 

0 Preparation of glass by conventional method 
(for comparison). 

0 Preparation of glass samples for Rayleigh Scattering. 

0 Rayleigh Scattering studies. 

Choice of Composition 

The following composition was selected for the Rayleigh 
Scattering studies: Si 0^ : 55i : 25 ; (weight percent). This 

composition, designated as Composition 2, was selected because some 
previous work^ ; on Rayleigh Scattering had been done with this compo- 
sition prepared by the conventional technique. Thus, we were in a 
position to compare the results of the gel-derived glasses with those of 
conventional glasses. 


Starting Compounds 

The following starting compounds were used as sources of 
Jifferent oxides in the different procedures. Reagent grade chemicals 
were used for the present investigation. 
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Oxide 

Source 

Si0 2 

Tetraethyl Orthosilicate 

B 2°3 

Boric Acid 


Trimethyl Borate 

Na 2 0 

Sodium Methylate 


Sodium Nitrate 


Sodium Acetate 


Gel Preparation Procedures 


Gel preparations by three procedures using three 
different sources of Na 2 Q were based on the procedures developed earlier. 
However, some modifications of the procedures were made to achieve more 
homogeneity in the gels and also to remove a maximum amount of organics 
during initial heat treatment (<500 C). The preparation procedures are 
described below. 

Procedure 2-1 . Starting Compounds: Tetraethyl Orthosilicate 

Boric Acid 
Sodium Methylate 

Tetraethyl orthosilicate was mixed with three times its volume 
of anhydrous ethanol. The solution was stirred for approximately 5 
minutes and then a small amount of IN. HCL [0.0002 mole HCl/mol 
Si(0C 2 H 5 ) 4 ] was added followed by the addition of acetyl acetone 
[5 ml/100 ml Si(0C 2 H 5 ) 4 ]. The solution was partially 
hydrolyzed for a period of about 1 hour by stirring the solution con- 
tinuously. The pH of the solution was 3.6. The solution was cooled to 
room temperature, boric acid dissolved in boiling methanol (30 g/100 ml) 
was added, and stirring was continued for about 2 hours. The pH of the 
solution was 3.6. To this mixture sodium methylate and/as anhydrous methanol 
(1:1 by volume) was added. The pH increased to about 10. The solution was 
stirred for about 45 minutes and then a requisite amount of anhydrous 
ethanol was added to obtain a concentration of approximately 40 grams silica 
per liter of the solution. After the addition of anhydrous 
ethanol the solution was stirred for a further period of about 1/2 hour. 

The solution gelled in 3 hours. 
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Procedure 2-II . Starting Compounds: Tetraethyl Orthosilicate 

Boric Acid 
Sodium Nitrate 

Tetraethyl orthosilicate was mixed with three times its volume 
of anhydrous ethanol. The solution was stirred for approximately 5 
minutes and then approximately 0.5 mol water [per mol Si (002^)4] 
acidified with HC1 [0.0004 mole HCl/mol Si ( 0C 2 H 5 ) 4 ] was added for 
partial hydrolysis of tetraethyl orthosilicate. The solution was heated 
to approximately 40 C and stirring was continued for about 1 hour. The pH 
of the solution was 2.8. Boric acid dissolved in anhydrous methanol 
(approximately 30 g/100 ml) was added to the partially hydrolyzed 
tetraethyl orthosilicate, and stirring was continued for 1 hour. The pH 
of the solution was 2.4. Finally, a dilute aqueous solution of sodium 
nitrate (approximately 17 g/100 ml) was added to the mixture and stirring was 
continued for 3 hours. The concentration of the solution was approximately 
70 grams silica per liter. The pH was 3.2. The solution was slowly 
evaporated at approximately 40 C to gel in 3 days. 

Procedure 2-III . Starting Compounds: Tetraethyl Orthosilicate 

Trimethyl Borate 
Sodium Acetate 

Tetraethyl orthosilicate was mixed with three times its volume 
of anhydrous ethanol. The solution was stirred for about 5 minutes and 
then one molar ratio of water acidified with concentrated HC1 [0.02 mol 
HCl/mole Si (0C 2 H 5 ) 4 1 was added for partial hydrolysis of tetraethyl 
orthosilicate. The solution was heated to approximately 40 C and stirred 
for about 1 hour. The pH was 0.2. The solution was cooled to room temperature 
and a reauisite amount of trimethvl borate was added and the mixture was stirred 
for another 3 hours. The pH was 0.4. Finally, a buffer solution of 
0.5M sodium acetate (prepared by dissolving crystalline sodium acetate 
in water to which acetic anhydride had been added) was added and the solution 
was stirred for 2 to 3 minutes. The concentration of the solution was 

approximately 45 grams silica per liter and the pH was 5.5. The solution 
gelled in about 1 hour. 
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Thermal Treatment of Gels 


The behavior of Composition 1 gels towards thermal treatment 
indicate that the re '1 of organics from the gels is related to the 
gel preparation procedure as well as to the thermal treatment procedures. 
Because the glass composition chosen for Rayleigh Scattering studies was 
different and some modifications were made in the gel preparation pro- 
cedures, it was considered necessary to examine the behavior of gels so 
produced towards thermal treatment. Besides, some modifications were 
made in thermal treatment procedures to achieve the maximum removal of 
organics. The thermal treatment procedures used for the removal of 
organics consisted of humidity treatment, heating in steps and a slow 
rate of heating. The thermal treatment procedures consisted of different 
combinations of the following steps: 

(1) Humidity treatment at 70 C and RH 95 percent 
for 12 hours and 24 hours. 

(2) Drying in air under infrared lamp (approxi- 
mately 60 C) for 2 to 3 days- 

(3) Drying in a microwave oven. 

(4) Heating up to 500 C at the rate of 100 C/hour 
and holding at 500 C for 12 hours; making a 
total heat treatment of 17 hours. 

(5) Heating up to 500 C in steps and holding at 
500 C for 4 hours, making a total heat treat- 
ment of 48 hours . 

(6) Heating up to 500 C in steps and holding at 
500 C for 8 hours (making a total heat treat- 
ment of 96 hours) in the presence of 0 2> 

( 7 ) Heating up to 500 C in steps with occasional 
moistening of the samples with water from 
time to time. This heating schedule covered 
a total period of approximately 200 hours. 


BATTILLI 


COLUMBUS 


40 


The results of thermal treatment are summarized in Tables 12, 
13, and 14. It was observed that: 

(a) The use of microwave oven drying as a step 
in the heat treatment procedure was not 
helpful for the removal of organics. 

(b) Humidity treatment was beneficial for removing 
organics from the gel prepared by Procedure 2-i. 

However, the same effect was not apparently 
evident in Gels prepared by Procedure 

2- III. 

(c) Heat treatment for longer periods in the 
presence of oxygen was beneficial, but not 

very effective for complete removal of organics. 

(d) Occasional spraying of the samples with water 
was found to he more beneficial for removing 
organics from the qel. However, complete removal 
of organics was not achieved with this procedure. 

Characterization of Gels 


Gel powders were characterized after the 
thermal treatments. The following aspects of the physico-chemical 
nature of the gels were examined. 

Color of Gels 


The results of thermal treatments at various temperatures and 
times are summarized in Tables 12, 13, and 14. It is evident from the 
results that the removal of organics from the gels is related to the gel 
preparation procedure as well as the thermal treatment procedures. 
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TABLE 12. 

RESULTS OF THERMAI TREATMENT 
REMOVAL OF ORGAKICS 

OF GELS FOR 

Gel Preparation 
Procedure 

Heat Treatment 

Appearance 

2-1 

Humidity treatment/12 hours, 
IR dry/2 days. 

Heated to 500 C/48 hours 
heating schedule 

Whitish grey, some 
black particles 

2-1 

Humidity treatment/24 hours, 
IR dry/2 days. 

Heated to 500 C/48 hours 
heating schedule 

Mixture of white, 
whitish grey and 
greyish black 
particles 

2-1 

IR dry/2 days. 

Heated to 500 C/48 hours 
heating schedule 

Mixture of grey and 
black particles 

2-1 II 

IR dry/2 days. 

Humidity treatment/12 hours. 
Microwave oven drying. 

Heated to 500 C/17 hours 
heating schedule 

Black 

2- 1 1 1 

IR dry/2 days. 

Humidity treatment/12 hours. 
Microwave oven drying. 

Heated to 500 C/48 hours 
heating schedule 

Black 

2- III 

Humidity treatment/12 hours, 
Microwave oven drying. 

Heated to 500 C/17 hours 
heating schedule 

Black 


k i u 
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TABLE 13. INITIAL HEAT TREATMENT OF COMPOSITION 2 
GELS IN PRESENCE OF OXYGEN 


Gel 

Preparation 

Procedure 

Heat Treatment 
Schedule 

Appearance 

2-1 

Humidity treatments/12 hrs 
IR dry/2 days. 

Heated to 500 C/96 hrs 
heating schedule. 

Mixture of white, 
whitish grey and 
black particles. 

2-1 

Humidity treatment/24 hrs 
IR dry/2 days. 

Heated to 500 C/96 hrs 
heating schedule. 

Mixture of white, 
greyish white 
and some black 
particles. 

2-1 

Humidity treatment/24 hrs 
Heated to 500 C/96 hrs 
heating schedule. 

Mixture of white, 
whitish grey 
and some black 
particles. 

2- III 

Humidity treatment/12 hrs 
IR dry/2 days. 

Heated to 500 C/96 hrs 
heating schedule. 

Mixture of grey and 
black particles. 

2- 1 1 1 

IR dry/2 days. 

Heated to 500 C/96 hrs 
heating schedule. 

Mixture of grey and 
black particles. 


PRECEDING PAGE BLANK NOT FILMED 
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TABLE 14. INITIAL HEAT TREATMENT OF COMPOSITION 2 GELS 
WITH OCCASIONAL MOISTENING WITH WATER 


Gel 

Preparation 

Procedure Heating Schedule Appearance 


2-1 


2-1 


2-1 1 1 


2- III 


Humidity treatment/24 hrs 
IR day/2 days. 

Heating upto 500 C/ 

^200 hrs heating schedule. 

Humidity treatment/12 hrs 
IR dry/2 days. 

Heating upto 500 C/ 

%200 hrs heating schedule. 

IR dry/2 days. 

Heating upto 500 C/ 

^200 hrs heating schedule. 


Dirty white 
particles. 


Dirty white 
particles. 


Mixture of dirty 
white, grey, and 
a few black 
particles. 


Humidity treatment/ 12 hrs 
IR dry/2 days. 

Heating upto 500 C/ 

^200 hrs heating schedule. 


A mixture of dirty 
white, grey, and 
a few black 
particles. 
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T hermogravimetric Analysis 

Thermogravimetric analyses were done on IR dried samples pre- 
pared by Procedures 2-1, 2-II. and 2-1 1 1 under air atmosphere up to 500 C. 
The rate of heating was maintained at 10 C/hour. The sample prepared 
by Procedure I showed a total loss of about 14 percent. The loss was 
complete at about 350 C. The sample prepared by Procedure II showed 
a total loss of about 18 percent and the loss was complete at about 400 C. 
The sample prepared by Procedure III, however, showed a continuous loss 
in weight up to the heating maximum (i.e., 500 C) and the total loss up 
to 500 C was found to be 22 percent. 

Melting of Gels and Con v ersion to Glasses 

The gel powders obtained after initial heat treatment -.p to 
500 C were melted in a vertical-type furnace at different temperatures 
and times. The results of these melting experiments with gels obtained 
after two different heat treatment schedules have been summarized in 
Tables 15 and 16. Based on the results of melting experiments, efforts 
were directed towards the preparation of glass samples involving the 
least amount of luat treatment, and the lowest melting temperatures 
and times. One batch was melted in a fused silica crucible in order 
to avoid contamination due tu the dissolution of platinum. Results of 
this work are shown in Table 17. 

Preparation of Glass Samples 

Glass samples melted in crucibles were core-drilled using a 
3/4 inch drill and annealed for an additional 2 hours at 580 C. All 
samples used for Rayleigh Scattering studies were polished in kerosene 
to a path length of 1 cm. 
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TABLE 15. MELTING OF GELS DRIED BY 48 HOURS HEATING SCHEDULE 
(HEAT TREATMENTS WERE DONE UNDER AMBIENT ATMOSPHERE) 


Gel 

Preparation 

Procedure 

Temperature 

(0 

Soaking 

Time 

(Hours) 

Appearance 

2-1 

800 

4 

Shows sign of melting, black 


1000 

4 

Black melt 


100C 

8 

Black particles in the melt 


1000 

24 

Some grey particles in the melt 


1200 

2 

Some grey tinge in the other- 
wise clear melt 


1200 

4 

Clear melt 

2- III 

800 

4 

Shows sign of melting, black 


1000 

4 

Black melt 


1000 

8 

Black particles in the melt 


1000 

24 

Black particles in the melt 


1200 

2 

Some grey particles in the 
melt, otherwise clear melt 


1200 

4 

Clear melt 
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TABLE 16. MELTING OF GELS DRIED BY 200 HOURS HEATING SCHEDULE 
(HEAT TREATMENTS WERE DONE UNDER AMBIENT ATMOSPHERE) 


Gel 

Preparation 

Procedure 

Temperature 

(C) 

Soaking 

Time 

(Hours) 

Appearance 

2-II 

1000 

4 

Black particles in the melt 


1000 

8 

Black particles in the melt 


1000 

24 

Black particles in the melt 


1200 

2 

Some grey particles 


1200 

4 

Cl' r melt 

2-III 

1000 

4 

Black particles in the melt 


1000 

8 

Black particles in the melt 


1000 

24 

Black particles in the melt 


1200 

2 

Some grey particle?, 


1200 

4 

Clear melt 
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TABLE 17. MELTING DATA OF COMPOSITION 2 GEL GLASSES TO 
BE USED FOR RAYLEIGH SCATTERING STUDIES 


Gel 

Preparation 

Procedure 

Gel Powder 
Thermal 
Treatments 

Melting 

Procedures 

Appearance 
of Melt 

I 

IR dry, 48 hrs 
150 C-48 hrs 

1200 C-5 hrs 
uncovered 

Grayish-black, no 
bubbles 

I 

70 C, RH 95%-24 hrs 
IR dry, 48 hrs 
heating schedule 1 

1200 C-4 hrs 
covered 

Black, no bubbles 

I 

70 C, RH 95%-24 hrs 
IR dry, 48 hrs 
heating schedule 1 

1300 C-4 hrs 
uncovered 

Clear, slight bluish 
tint, no bubbles 

II 

IR dry, 48 hrs 

1000 C-2 hrs 
uncovered 

Clear, many small 
bubbles 

II 

IR dry, 48 hrs 

1100 C-2 hrs* 
uncovered 

Clear, no bubbles 

II 

IR dry, 48 hrs 

1000 C-2 hrs 
1100 C-2 hrs 
uncovered 

Clear, few small 
bubbles 

II 

IR dry, 48 hrs 
150 C-48 hrs 

1000 C-2 hrs* 
uncovered 

Clear, no bubbles 

II 

IR drv. 48 hrs 
heating schedule 1 

1200 C-4 hrs 
covered 

Clear, few bubbles 

II 

IR drv. 48 hrs 
150 C-48 hrs 

1000 C-l hr* 

Clear, bubbles 

Conventional 

batch 

IR dry, 49 hrs 
heating schedule 1 

1200 C-4 hrs 
covered 

Clear, no bubbles 

♦Melted in a 

fused silica crucible. 




IR = Infrared. 



49 


Raleigh Scattering Experiments 


Glass samples to be used in Rayleigh Scattering studies were 
sent to the Vitreous Sate Laboratory of the Catholic University of 
America in Washington, D.C. for investigation- The thermal history of 
the samples sent for Rayleigh Scattering studies are shown in Table 18. 
Three of the glasses were made by the sol -gel technique and the fourth 
was made by the conventional technique described previously. 

The purpose of the examination was to determine the relative 
levels of Rayleigh Scattering in these glasses and to correlate these 
results with the method of preparation of each sample. An approximate 
Rayleigh Scattering attenuation coefficient was also determined for the 
gasses by making a comparison of the absolute scattering intensity found 
in these glasses with a standardized fused silica reference. 

The method of making the scattering measurements was that 
originally suggested for glasses by Rich and Pinnow^ and used by 
Schroeder, et al^ to examine a number of optical glasses. In brief, 
that method is to measure the Landau-Placzek ratio, R^p, for the samples. 
R L p is defined as I R /2I B where I R and Ig are the Rayleigh and 
Brillouin intensities respectively. In making the measurement the 
sample is illuminated by a focused laser beam and the light scattered 
at 90° is collected by a collimating lens. The light is spectrum 
analyzed by a Fabry Perot. 
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TABLE 18. THERMAL HISTORY OF THE SAMPLES SENT TO NAVAL RESEARCH 
LABORATORY FOR RAYLEIGH SCATTERING STUDIES 


Sample 

Number 

Gel 

Preparation 

Procedure 

Thermal Treatment 
of Gels 

Melting 

Procedures 

1 

2-1 

Humidity treatment at 70 C 
and RH-95X/24 hrs 
IR dry/48 hrs. 

Heated to 500 C/48 hrs 
heating schedule 

1300 C/4 hrs 
(uncovered) 
Annealed at 
580 C/2 hrs 

2 

2- 1 1 

IR dry/48 hrs 
150 C/48 hrs 

1000 C/2 hrs* 
(uncovered) 
Annealed at 
580 C/2 hrs 

3 

2- 1 1 

Humidity treatment at 70 C 
and RH-95%/12 hrs 
IR dry/48 hrs 
Heated to 500 C/48 hrs 
heating schedule 

1200 C/4 hrs 
(covered) 
Annealed at 
580 C/2 hrs 

4 

Conventional 

Batch 

IR dry/48 hrs 
Heated to 500 C/48 hrs 
heating schedule 

1200 C/4 hrs 
(covered) 
Annealed at 
580 C/2 hrs 

* Melted 

in a fused silica 

crucible. 
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PART III. GEL-DERIVED GLASSES FOR STUDYING PHASE SEPARATION 
BEHAVIOR (EXPERIMENTAL RESULTS) 

Composition 3: SiO^O; B^O^O; Na^O: 10 (weight percent) 

was chosen because the liquid-liquid immiscibil ity temperature had been 

(a ) 

determined by Haller et al' , and the composition is well within the 
liquid-liquid immiscibility zone. Gel preparation was based on 
Procedures 3-1 and 3-II. The gel preparation procedures are briefly described 
below. 


Gel Preparation Procedures 


Procedure 3-1 


Starting Chemicals: Tetraethyl O^thosil icate 

Boric Acid 
Sodium Methylate 

The sequence of the steps used for the preparation of the gel was as 
follows: 

(1) Mixing of Si ( OC 2 H ^ with C2H^0H. 

(2) Partial hydrolysis with acidified water at 
40 C. The molar ratio of water to 

Si ( OC^Hg) 4 was 0.2. 

(3) Addition of boric acid dissolved in methanol. 

(4) Addition of sodium methylate diluted with 
methanol . 

(5) Addition of water-ethanol mixture to initiate 
gelation. The molar ratio of water to 

Si ( OC^Hg) ^ at the end was 3.5. The gelation 
occurred rapidly. 

Procedure 3-1 1 


Starting Chemicals: Tetraethyl Orthosilicate 

Boric Acid 
Sodium Nitrate 

The sequence of the steps used for the preparation of gels was as follows. 
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(1) Mixing of Si(0C 2 H 5 ) 4 with C 2 H,.0H. 

(2) Partial hydrolysis with acidified H 2 0 at 40 C. 

The molar ratio of water to Si(0C 2 Hg)^ was 0.4. 

(3) Addition of boric acid dissolved in methanol. 

(4) Addition of sodium nitrate dissolved in excess 
water. The molar ratio of water to Si(0C 2 Hg) 2 
was 5.2. 

(5) Gelation achieved overniqht. 

Drying and Melting 

The gels were dried under an infrared lamp for 48 hours, and 
were placed in an oven at approximately 150 C for several days. The gel 
powders prepared by Procedure 3-1 were heated slowly to 350 C and held 
there for 5 hours. The temperature was then raised to 500 C and held 
there for approximately 16 hours. The gel powders were then heated 
quickly to 1200 C and held at that temperature for 6 hours. A bubble- 
free glass patty was poured and annealed at 580 C for 1 hour. The gel 
powders prepared by Procedure 3-1 I were dried for 48' hours under an infrared 
lamp and placed in an oven at approximately 150 C for several days. A 
clear bubble-free glass patty was poured and annealed at 580 C for 1 hour. 

Microstructural Studies 


The glass samples obtained by the melting of Composition 3 gel 
powders and conventional glass batches were sent to the Jet Propulsion 
aboratory for small angle x-ray scattering studies of phase separation 
behavior. 

The microstructures of the glasses were also observed by SEM. 
The micrographs of the various samples after different heat treatments 
are shown in Figures 3 through 8. 
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FIGURE 3. SCANNING ELECTRON MICROGRAPH OF THE GLASS 
OBTAINED FROM THE GEL PREPARED BY 
PROCEDURE 3-1 WITHOUT ANY HEAT TREATMENT 
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black and white photograph 
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FIGURE 4. SCANNING ELECTRON MICROGRAPH OF TH r GLASS 
OBTAINED FROM THE GEL PREPARED BY 
PROCEDURE 3-1 AFTER HEAT TREATMENT AT 
600 C FOR 4 HOURS 


original* PAGP 

black AND WHITE PHOTOGRAPH 
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FIGURE 6. 


SCANNING ELECTRON MICROGRAPH OF THE GLASS 
OBTAINED FROM. THE GEL PREPARED BY 
PROCEDURE 3- 1 1 AFTER HEAT TREATMENT AT 
600 C FOR 4 HOURS 
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EuAOK AND WHITE PHOTOGRAPH 
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ORIGINAL PAGE 

BLACK AND WHITE PHOTOGRAPH 



FIGURE 7. 


SCANNING ELECTRON MICROGRAPH OF THE GwASS 
PREPARED FROV THE CONVENTIONAL GLASS 
BATCH, WITHOUT ANY HEAT TREATMEN, 
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DISCUSSION OF TOTAL PROGRAM 


Preparation of Gels 

The formation of the condensed polysilicates and subsequent 
gelation is the result of a complex sequence of hydrolysis and con- 
densation reactions. The complexity increases in a system with com- 
ponents having different reactivity and solubility. Gelling is con- 
trolled by process parameters such as chemical nature of alkoxides 
and other reactants, molecular ratio of water to alkoxides, the presence 
of catalysts and pH of the medium, temperature, concentration of 
reactants, and the nature of solvent*;. 

In this multicomponent system having reactants of markedly 
different chemical nature, it is extremely difficult to change the process 
parameters independently of each other^. Moreover, the addition of 
aqueous solution such as sodium nitrate and sodium acetate which are 
insoluble in alcohol should be considered in the context of the liquid- 
liquid immiscibility existing in the Si ( OC2H ^ , C2H5OH, and H2O system. 
The possibility of segregating water-soluble phases under certain experi- 
mental conditions should be investigated. To homogeneously incorporate 
a high proportion of Na ions (which is not a network former) into a 
gel structure is complex and difficult. 

In Procedure I, all reactants are soluble in alcohols and it 
is presumed that a homogeneous solution of the molecular species was 
obtained at the final stage. However, the sequence of reactions may be 
postulated as follows; in acid medium, the hydronium ion attacks the 
polar e Si -OC2H ^ bond and forms e Si- OH groups. However, in this type 
of nucleophilic displacement reactions the reactivity decreases as more 
groups on the silicon atom are displaced. The polysilicate is formed 
through condensation of silanol groups; SiOH; or silanol and alkoxy 
groups (e Si-0C2Hg). The further attack of = Si-0C2Hg bond in the poly- 
si loxane by H2O might also be hindered by the steric effect of ethoxy 
groups. The hydrolysis of ethylsi licate is thus controlled by the 
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ORIGINAL PAGE 13 
OF POOR QUALITY 

electronic and steric effects developed during hydrolysis. Hence the 
formation of low-molecular-weight molecules takes place under mild con- 
ditions of hydrolysis at room temperatures and with a small proportion 
of H^O. Recent work of Peace, et al^ 0 ^ on the hydrolysis alkoxysilanes 

suggests that the polymers at the initial stage of hydrolysis might have * 
ring structure--perhaps a dimer with two connected rings each containing 
four silicon atoms. Boric acid itself or methyl borate B(0CH 3 ) 3 which 
could form by the reaction of methanol with boric acid can react with 
silanol or alkoxy groups and form Si-O-B = bonds in the following way: 

2 = Si-OH + H 3 B0 3 * - Si-0-B-0-Si-+H 2 0 (1) 

' OH ^ 

E Si-OR + HO-B = * z Si-O-B = + ROH (2) 

= Si-OH + CH 3 0 - B = * = Si-O-B = + CH 3 0H (3) 

An advantage of the addition of boric acid is that a certain 
amount of water is liberated during the reaction of H 3 B0 3 either with 
silanol groups or with alcohols, and this water produced in situ could 
effectively induce further hydrolysis without addition of free H 2 0. 

After subsequent addition of sodium methoxide solution, the pH of the 
solution increases above 9, and consequently the mechanism and kinetics 
of hydrolysis and polycondensation changes. Moreover, sodium methoxide 

being highly susceptible to hydrolysis (e.g., NaOCH 3 + H 2 0 *• NaOH + 

CH 3 0H) produces OH groups which enhance the polycondensation and growth 
of the polymeric particles. Subsequently, the solution absorbs suffi- 
cient water from the atmosphere or when free water is added, the gelation 
occurs rapidly. The observed increased gelling rate with increased 
proportion of water at the initial stage of hydrolysis suggest that any 
free water remaining before adding sodium methoxide causes the generation 
of hydroxyl groups which enhance the gelation. The decreased gelling 
time with increased NaOCH 3 and with increased humidity also indicates 
the hydrolytic reaction of the NaOCH^ and the catalytic activity of OH 

4- J 

groups. The incorporation of Na ions into the gel structures might 
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( 6 ) 

take place as follows' 0 ': NaOH generated by the hydrolysis of NaOCH 3 might 

react with Si-OCgHc group to produce SiCNa. Sodium methoxide having 
strong ionic character might undergo ion exchange with H + ion of silanol 
groups at high pH and may produce SiONa. A secondary reaction forming 
tetra-coordinated boron of the type Na[B(0CH 3 ) 4 ] might take place when 
free or partially hydrolyzed B(0CH 3 ) 3 reacts with NaOCH 3 - 

In Procedure II, the initial reactions of tetraethoxysilane 
with boric acid are anticipated to be similar to those described for 
Procedure I. However, the addition of higher proportion of water and 
of acids would Kad to more complete hydrolysis of ethoxysilane. The 
polymer molecules contain less unreacted ethoxy groups, and the solution 
shows little tendency to gelation. Sodium nitrate additions, unlike 
NaOCH 3 or sodium acetate, do not increase the pH. Consequently, the 
gelling time is long. Sodium nitrate, not being reactive to other 
reactants and being insoluble in alcohols, segregates in the aqueous 
phase and precipates as NaN0 3 as the gels dry, as evidenced by the x-ray 
diffraction results. The heat treatment at 500 C or above decomposes 
the nitrate and reactive Na^O forms; thus, the crystallinity decreases 
with the heat treatment. However, excess water and the low gelation 
rate are beneficial for hydrolyzing alkoxy groups and subsequent removal 
of organics. 

In Procedure III, the initial stage of the hydrolytic reactions 
in the presence of a high proportion of water and acid is similar to that of 
Procedure II. Consequently, the hydrolysis is more complete and the 
solution being at low pH (<2) shows less tendency to gel. 
sodium acetate solution is added, the gelation occurs due to the 
high concentration of OH ions present in sodium acetate solution; the pH 
of the solution increases to higher gelling rate region and gelation 
occurs rapidly. 

The surface areas of gels produced from the low pH solution is 
large because, in strongly acid medium, the polymeric particles cannot 
grow; consequently, gels produced from submicron particles have higher 
surface areas. The significant difference in the surface areas of the 
oc-ls prepared by the different procedures can be interpreted in terms 
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of the effect of pH on the size of the particles. When the gela +: ^n is 
done with solution of low pH ( <2 ) the particle sizes are smaller, and, con- 
sequently, the pore sizes are finer. The incorporation of Na + ions 
into the gel structure might occur either by the reaction of NaOH pro- 
duced by the hydrolysis of sodium acetate with S1-0C ? H,. group or by the 
exchange of H ions of the silanol groups with Na Ions of acetate 
solution. But a portion of Na + ions might remain in the water phase and 
could produce a nonuniform distribution of Na + ions in the gels. 

The results of the infrared and Raman spectroscopic studies of 
qlasses made from the different gels and having different melting 
histories (e.g., time and temperature of melting) indicate that the 
molecular structures of the glasses made from the gels prepared by 
different procedures and melted at lower temperatures (<.1000 C) are 
not identical. However, the melting at higher temperatures (1100-1200 C) 
appears to be sufficient to give an equilibrium melt for each gel. 

Studies on glasses melted at lower temperatures (e.g., 70C-1000) may 
throw some light on the process of approaching an equilibrium melt. 

Removal of Organics From Gels 


The "as prepared" gels may be considered as a solid character 
in which macromolecules are dispersed in a solvent and somehow constitute 
a coherent structure. Thus, it contains the structural skeleton of the 
silicate network; unreacted alkoxy groups chemically bonded to the sili- 
cate network; free solvents, like alcohols and water; and alcohols and 
water absorbed to the silicate structure. Hence, the removal of these 
organic compounds and also inorganic radicals, such as nitrates, is a 
complex phenomenon and is related to the structure and morphology of 
the gels which in turn is related to the chemical nature of the gel pre- 
cursors used in the gel preparation procedures as well as the thermo- 
chemical nature of the gel precursors. 

The thermal treatment of gels containing alcohols/ethers/water 
would normally involve volatilization of these constituents ot all 
temperatures with the maximum rate of vaporization near their boiling 
points. This phenomenon is, however, related to the balance between 
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the rate of diffusion of the solvents/water from inside the gel structure 
to the surface of the gel and the rate of evaporation of solvents/water 
from the gel surface to the surrounding atmosphere at the equilibrium 
temperature. The dynamic nature of the heat treatment procedure establishes 
an imbalance between the above two rates and, as a result, evaporation 
of solvents/water may continue to take place at temperatures beyond their 
boiling ranges. Besides, if the solvents/water are chemically bound or 
chemisorbed to the gel stru^viire, evaporation temperatures would be higher. 
Moreover, during the thermal treatment the initial densification of the 
gel structure takes place resulting in the formation of increasing number 
of closed pores. The presence of solvents (e.g., alcohols, ethers, etc.) 
in the closed pores make them Inaccessible to the surrounding atmosphere 
even at considerably higher temperatures. Therefore, a-: somewhat higher 
temperatures thermochemical reactions of the organic solvents present in 
the closed pores and organic radicals (connected to the gel structure) 
may take place resulting in the formation of carbon. Also, the thermo- 
chemical nature of the gel precursors either alone or in combination may 
result in tne deposition of carbon due to incomplete hydrolysis and poly- 
merization (hydrolytic polycondensation). It is to be noted that pyrolyses 
of alcohols, aliphatic ethers, acetic acid and ester give gaseous mixtures 
of approximately the same composition (methane, ethane, ethylene, acetylene 
carbon monoxide, etc.). During pyrolysis of ethylene and acetylene the 
residue [C^ =], [HC s] are considered to be formed by direct rupture of 
the carbon- to-carbon bonds. These residues may become dehydrogenated 
further into carbon. The problems associated with the deposition of carbon 
during initial thermal treatment of gels are: 

• The complete remove! of carbon needs higher 
melting temperature and longer soaking time. 

• Complete removal of bubbles (from gel-derived 
glass) needs longer soaking time. 

It would therefore appear that the conversion of gel into glass 
at, lower temperature essentially depends upon the successful removal of 
organics during preliminary heat treatment or drying of gels. Proper 
selection of heating rate and the furnace atmosphere are to be considered 
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for the thermal treatment of gels. In the present investigation the 
behavior of the gels towards thermal treatments were studied with gels 
prepared by two different procedures. Procedure I and III. The thermal 
treatment consisted of humidity treatments, heating in steps, slow rate 
of heating and moistening the gel during heating under different furnace 
atmospheres. The results of the present work indicate that the thermal 
treatment of gels in a humidity chamber just after preparation has 
beneficial effect on the removal of organics. This suggests that the 
hydrolysis and increased polymerization can take place in the solid 
phase. The water vapors react with the unreacted ethoxy groups during 
the humidity treatment and causes polycondensation. In general, humidity 
treatment was more beneficial for removing organics in the gels prepared 
by Procedure I than those prepared by Procedure III. This mav be 
due to the fact that the gel prepared by Procedure III has smaller pore 
sizes and/or larger number of closed pores. 

It is to be noted that it was possible to achieve complete 
removal of organics in the gels prepared by Procedure II during 
preliminary heat tr ltment up to 500 C even without humidity treatment. 
This may be due to one or all of the following factors: 

• Less number of closed pores. 

• Comparatively large pore sizes. 

• The decomposition of sodium nitrate creates/ 
develops an oxidizing environment inside the 
gel structure and, as a result, dehydrogenation 
or thermal cracking of organic molecules or 
radicals are prevented. 

It is to be mentioned that although prolonged humidification 
of freshly prepared gel followed by soaking the gel with water at 
elevated temperatures was found to b* the most effective i„.’thod of 
removing the organics, it was not fu.-, effective in removing the 
organics completely. Therefore, the presence or formation of closed 
pores appears to be the single most important factor which makes the 
complete removal of organics from gels a difficult task. 


BATTELLE 


COLUMBUS 



65 


Removal of.Hvdroxvl Groups From Gels 

The hydroxyl concentration in a glass is determined by: 

• The water content of the raw material. 

t The sintering properties of the starting materials. 

t The HgO partial pressure of the surrounding gas 
during melting. 

• The H2 partial pressure of the surrounding gas 
during melting. 

• The thermal history of the glass. 

Hence, the hydroxyl content in the starting material needs to be reduced 

by thermal treatment. The following steps were taken for the removal 

of hydroxyl groups from gel powders of Composition 1. 

t Baking in an oven. 

• Passing dry 0 2 through the porous gels at elevated 
temperature. 

• Passing thionyl chloride ( S0C1 2 ) vapor carried by 
dry oxygen through the porous gels at elevated 
temperatures. 

• Passing carbon tetrachloride (CCl^) vapors carried 
by dry oxygen through the porous gels at elevated 
temperatures. 

• Subsequent melting of the thionyl chloride treated/' 
carbon tetrachloride treated gels in air atmosphere. 

• Melting of dehydrated gels in nitrogen atmosphere. 

The results of the present investigation indicate that: 

• The water content of the glasses obtained from 
two different gels differ ignificantly. 

t The hydroxy, content could be reduced at lower 
deh dration temperature by passing dry oxygen 
through a vertical column packed with gel powders. 

• Use of thionyl chloride for reducing hydroxyl 
groups at lower temperatures results in liquid- liquid 

(5) 

pha^e separation. A large liquid-liquid immiscibility 
zone exists in the system SiC^-^t^-^SO^ at 1200 C. 
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Presumably, during the dehydration treatment thionyl 
chloride reacts with sodium ion and residual water 
to form sodium sulfate which causes liquid-liquid 
separation during melting. 

t The presence of a large proportion of sulfur and 
sodium in the top fluid layer substantiate the ex- 
planation suggested. The use of thionyl chloride 
may not, therefore, be advisable in this system. 

• The use of carbon-tetrachloride during dehydration 
treatment did not cause liquid-liquid separation 
during melting and was, at the same time, effective 
in reducing the hydroxyl groups in the glass. 

• Melting of dehydrated gels in dry nitrogen atmosphere was found to 
be very effective in reducing the hydroxyl groups. 


CONCLUSI ON S 

The following conclusions can be drawn from the results of the 
present work: 

• All three compositions in the soda-borosilicate system 
can be prepared by three different 

procedures using three different sources 
of Na 20 . 

• Gels produced by Procedure I and Procedure III 
are noncrystal 1 ine, and remain so after thermal 
treatment at 600 C for 40 hours, whereas qels 
prepared by Procedure II using NaN0 3 are crystalline 
due to the presence of residual sodium nitrate. 

• The removal of organic groups during the thermal 
treatment below 500 C is related to gel preparation 
procedures, ambient atmosphere such as humidity and 
oxygen potential, and the rate of heating. The carbon 
content of the fired gel can vary from 0.1 percent 

to 0.6 percent by weight depending on the preparation 
procedure. 
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• The rate of removal of carbon from the glass during 
the melting depends on the gel preparation pro- 
cedures and thermal treatment before melting. The 
removal of carbon from the gel prepared by Procedure 
II is most rapid, whereas the removal is most sluggish 
with the gel prepared by Procedure III. 

• The rates of removal of carbon and the bubbles were 
also a function of temperature and time of melting 
in an air atmosphere. 

• Molecular structures of the glasses melted at lower 
temperatures (_<1 000 C) are not identical ; however, 
the melting at higher temperatures 1100-1200 C 
appears to give an equilibrium melt from the different 
gels. 

• Gel preparation procedures can be improved to get 
higher homogeneity. 

• Microstructures of glasses obtained from 
gels DreDared bv different procedures are 
different. 

• The water content of glasses obtained from the 
two different gels differs significantly. 

• The dehydration treatment reduces the hydroxyl 
content of the glass. 

t The removal of hydroxyl groups from gel powders by 
the treatment with thionyl chloride vapor causes 
phase separation in the glass during melting. The 
reason for this phase separation is most likely due 
to the formation of sodium sulfate during the thionyl 
chloride treatment. Hence, the thionyl chloride 
treatment procedure should be critically analyzed 
before further continuation. 

• The vertical column for dehydration is more effective 
than the horizontal set-up usee previously for the 
dehydration treatment. 
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• Bubbling dry nitrogen (dewpoint approximately -59 C) 
through the melt greatly reduces the hydroxyl content 
of the glass. 

• Procedure II gel powders can be used to produce 
glass samples for Rayleigh scattering by employing 
less thermal treatments and lower melting tempera- 
tures and times. 

• Glass samples for Rayleigh Scattering can be prepared 
by melting in a fused silica crucible at 1000 C for 

1 hour if appropriate procedures are followed. 

• Results of Rayleigh Scattering studies indicate that 
the homogeneity of glasses prepared by the gel technique 
is much better than that of glasses made by the con- 
ventional technique. 
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Gel Preparation Procedures for Composition 1: 

Si02:60, 8203:15. Na2C:25 (weight percent) 

Gel Preparation Procedure 1-1 

The sequence of steps used for the preparation of the gel was as follows: 

1. Tetraethyl orthosilicate was mixed with half its volume of anhydrous 
ethanol and stirred for about five minutes. 

2. The solution was heated to 40 C and hydrolyzed with 0.23 mol water 
per mol Si (002115)4 acidified with 0.0004 mol HC1 per mol Si (002115)4. A 
small amount of acetylacetone (3 ml/100 ml Si (002115)4) was added after the 
addition of acidified water. The solution was stirred at 40 C for a half 
hour after the addition of water. The pH of the solution was 5. 

3. Boric acid dissolved in boiling anhydrous methanol (30 g/100 ml) was 
added to the above solution at 40 and stirred for \ 1 hour. The pH of the 
solution was 6 at this stage. 

4. A solution of sodium methylate (prepared by mixing commercially available 
30 percent NaoCH3 in methanol with half its volume of anhydrous methanol) 
was added to the above solution at 40 C and stirred for 45 minutes. The 

pH of the solution was about 10. 

5. Finally, a mixture of water and ethanol (1:4 ratio) was added to the 
solution. The amount of water added was 5.8 mols per mol (Si (00285)4. 

The solution gelled within five minutes on addition of the alcohol water 
mixtures. 

Gel Preparation Procedure l-II 

The sequence of steps used for the gel preparation was as follows: 

1. Tetraethyl orthosilicate. Si ( 00285)4 was mixed with half its volume of 
anhydrous ethanol and stirred for about five minutes. 

2. The solution was heated to approximately 40 C and hydrolyzed with 
0.5 mol water per mol Si ( 00285)4 acidified with 0.0004 mol HC1 per mol 
(Si (00285)4. The solution was stirred for a half hour at about 40 C 
after the addition of water. 
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3. Boric acid dissolved In boiling anhydrous methanol (30 g/100 ml) was 
added to the solution at 40 C and stirred for about 1 hour. The pH of the 
solution was about 5. 

4. Finally, an aqueous solution of sodium nitrate (-v 18 g/100 ml) was 
added to th<; mixture. The proportion of water was 20 mols per mol 

Si (00285)4. The solution was then evaporated till gelation took place. 

Gel Preparation Procedure 1 - I I I 

The sequence of steps used for the gel preparation was as follows: 

1. Tetraethyl orthosilicate was mixed with half its volume of anhydrous 
ethanol and stirred for about five minutes. 

2. The solution was heated to 40 C and hydrolyzed with 11 (eleven) mols 
of water per mol Si (OC2H5 )4 in the presence of die nitric acid. The pH 
of the solution was about 2 during hydrolysis. The solution was stirred 
for half hour at 40 C after the addition of water. 

3. Trimethyl corate was added to the mixture at 40 C and stirred for 
45 minutes. 

4. Finally, one molar aqueous solution of sodium acetate was added to 
the above solution and stirred for 45 minutes. The pH of the solution 
was 6. Gelation took place after 30 minutes. 

Gel Preparation Procedures for Composition 2; 

Si 02:55, 8203:25, Na20:20 (weight percent) 

Gel Preparation Procedure 2-1 

The sequence of steps used for the preparation of the gel was as follows: 

1. Tetraethyl orthosilicate was mixed with three times its volume of 
anhydrous ethanol and stirred for about five minutes. 

2. The solution was heated to 40 C. A small amount of HC1 [0.0002 mol/ 
mol Si (00285)4] was added; followed by the addition acetylacetone 

[5 ml/100 ml Si (00285)4] . The solution was stirred for about 1 hour at 
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40° C for partial hydrolysis of SifOCgHs^. The pH of the solution was 
3.6. The solution was cooled to ambient temperature. 

3. Boric acid dissolved in boiling anhydrous methanol (30 g/100 ml) was 
added and stirring was continued for about 2 hours. The pH of the 
solution was 3.6. 

4. A solution of sodium methylate (prepared by mixing commercially 
available 30 percent NaOCH 3 in methanol with an equal volume of 
anhydrous methanol) was added and stirred for 45 minutes. The pH of the 
solution was about 10 . 

5. Finally, a requisite amount of anhydrous ethanol was added to obtain 
a concentrataion of approximately 40 g silica per liter of the solution. 
After addition of anhydrous ethanol the solution was stirred for a 
further period of 30 minutes. The solution gelled in 3 hours. 

Gel Preparation Procedure 2- I I 

The sequence of steps used for the preparation of the gel was as follows: 

1. Tetraethyl orthosilicate was mixed with three times its volume of 
anhydrous ethanol and stirred for about 5 minutes. 

2. The solution was heated to 40 C. Approximately 0.5 mol water per 

mol Si ( 0 C 2 H 5)4 acidified with 0.0004 mol HC1 per mol $i( 0 C 2 H 5)4 was added. 
The solution was stirred for about one hour at 40 C for partial hydrolysis 
of Si ( OC 2 H 5 ) 4 - The pH of the solution was 2.8. 

3. Boric acid dissolved in boiling anhydrous methanol (approximately 

30 g/100 ml) was added to the partially hydrolyzed tetraethyl orthosili- 
cate and stirring continued for 1 hour at 40 C. The pH of the solution 
was 2.4. 

4. Finally, a dilute aqueous solution of sodium nitrate (approximately 
17 g/100 ml) was added to the mixture and stirring was continued for 

3 hours. The pH was 3.2. The solution was left at ^ 40 C for about 
3 days to form the gel . 
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Gel Preparation Procedure 2-III 

The sequence of steps used for the preparation of the gel was as follows: 

1. Tetraethyl orthosilicate was mixed with three times Its volume of 
anhydrous ethanol and was stirred for about 5 minutes. The solution was 
heated to 40 C and partially hydrolyzed with one mol of water per mol 

Si ( 002 * 15)4 acidified with 0.02 mol HC1 per mol Si( 0 C 2 H 5 ) 4> The solution 
was stirred for 1 hour at 40 C. The pH of the solution was 0.2. 

2. The solution was cooled to room temperature and the requisite amount 
of trimethyl borate was added. The mixture was stirred for 3 hours at 
room temperature. The pH of the solution was 0.4. 

3. Finally, a buffer solution of 0.5M Sodium Acetate (prepared by 
dissolving Crystalline Sodium Acetate in water to which acetic anlydide 
was added) was added and the solution stirred for 2 to 3 minutes. The 
pH was 5.5. The solution gelled in about 1 hour. 

Gel Preparation Procedures for Composition 3 
Si Q 2 : 55 , 8203 : 25 , Na 2 Q :20 (weight percent) 

Gel Preparation Procedure 3-1 

The sequence of steps used for the preparation of the gel was as follows: 

1. Tetraethyl Orthosilicate Si ( 00285)4 was mixed with half its volume of 
anhydrous ethanol and stirred for about 5 minutes. 

2. The solution was heated to 40 C and hydrolyzed with 0.2 mol of water 
per mol Si ( OC 2 H 5 ) 4 acidified with 0.0004 mol HC1 per mol Si ( 00285 ) 4 . The 
solution was stirred at 40 C for a period of 45 minutes. A small volume 
of acetylacetone [2 ml/100 ml Si ( 00285 ) 4 ] was added after the addition of 
acidified water. 

3. Boric acid dissolved in boiling anhydrous methanol (30 g H 3 B 03 / 1 00 ml 
Melhavol) was added t 0 the partially hydrolyzed Si ( 00285)4 solution at 
40 C and stirred for 20 minutes. The pH of the solution was 4.5. The 
solution was cooled to ambient temperature. 
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3. A solution of sodium methylate (prepared by mixing commercially 
available 30 percent sodium methylate In methanol with an equal volume 
of anhydrous methanol) was added to the above solution and stirred. The 
pH of the solution was 6 . 

4. Finally, 3.3 mols H 20 /mol S 1 ( 0 C 2 H 5)4 was added In the form of 
alcoholic solution. The solution was prepared by mixing water and 
alsohol in equal volumes. The molar ratio of water to Si ( 0 C 2 Hs )4 at 
the end was 3.5. The gelation occurred rapidly. 

Gel Preparation Procedure 3- 1 1 

The sequence of steps used for the preparation of the gel was as follows: 

1. Tetraethyl Orthosilicate, Si( 0 C 2 H 5)4 was mixed with half its volume 
of an.ydrous ethanol and stirred for about 5 minutes. 

2. The solution was heated to 40 C and hydrolyzed with 0.4 mol water 
per mol Si ( 0 C 2 H 5)4 acidified with 0.0002 mol HC1 per mol Si( 0 C 2 Hc; 4 . 

The solution was stirred at 40 C for half hour. The pH of the solution 
was about 4. 

3. Boric acid dissolved in boiling anhydrous methanol (22 g H 3 BO 3 /IOO ml 
methanol) was added to the partially hydrolyzed Si( 0 C 2 H 5)4 solution at 

40 C and stirred for a half hour. The pH of the solution was 4. 

4. 13.5 percent aqueous solution of NaN 03 was added to the above 
solution and stirred. The molar ratio of water to Si ( OC 2 H 5 ) 4 was 5.2 

at this stage. The solution was heated to 75 C with continuous stirring. 
Gelation took place in 2-1/2 hours. 
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Tho scientific and technological slgnlt.oanc* and Important* 
of tho *ol-|ol proeatoaa ara evaluated. Two aothoda foe 
preparing gala In tha alllcata system* ara doacrlbad. Tha 
first method la based on gelling colloidal silica sol; the 
second method, on the polymerisation of alkoxyailan* with 
Meal alksxldes or natil salta to produce multicomponent 
nencrystallln* Inorganic gels with network structures. The 
phy* Ico-chemi cal principles of gelling processes are discussed 
In terms trlous process parameters. The conversion of gel 
to glass *.s described. The structures, nlcrostructures, phase 
separstlcr. and crystallisation behavior of gels and gel- derive'* 
glasses art discussed In relation to the methods of gel pre- 
paration. The advantages associated with the processes are 
examined tnd evaluated. Various applications In glaaa technology 
are suggested. 


INTRODl'CTICX 

In recent "tart, scl-gal processes for glass nuking have gtlned scientific and 
technological inportir.ee. There are evo aethoda for preparing gals In silicate 
glass systems. One Is based on tha gelation of silica hydrosolil**) , the other 
la baaed or. the pol;rerltatlon reaction of alkexysllan«(4,3,4-t0) . 

Earlier research lr.v; jy«i gels as starting aatarlala for the alllcata phase 
squlllhriuc.K'.dlts ■*' and tha deposition of thin noneryttal.lnt oxide 
coatings'*'* 4 ^ . In recant years, two sspects of the sol-gel process have st inu- 
la ted reeearch on c'r# prsparaclon of gleasaa via tha gal routs. First Is tha 
formation of noncryattlline transparent "glass-like” materiel* in the multi- 
component systems below the glees transition tamper*tur*(S*-'?/ . Second Is the 
preparstlon of highly homogeneous glasses using gala as starting aatarlala^. 3,1) . 
Horeover, tha phaat separation, nuclaacion and crystallisation characteristic, 
of the glasses made from gale are markedly different from those of glaaa made 
from a mixture of oxldaa'*'®* 4 *'. 

These aepeeta neve scientific tnd technological significance end Importance 
The formation of transparent noncryatalllne material* by chemical polymer!. •* : ; 
at temperature belov the glaat transition tamparatur* raise* eh* gueaclon . Het.sr 
the** r’teritlt she. Id be termed "glaaa" or not, because eh* ASTM definition .i 
glest ..e ar. "lr.orgsr.it product of fusion" excludes thee* type* of umcrystsj : • 
materials. Heutvar, .tha molecular structure and tha mlcroatructur* of these 
"glaes-llke" natarialt prepared bv this rout* In multicomponent system* appear 
to ba different free the glees prepared from the oxide malt'*', becauee the 
structure* of the gel-derived materials depend on the thermodynamics sod kinetic* 
of the polyme-igati:- reactions that take piece in the sol and gal state ,t low 
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teaperatures, whereat the i::;:: -ret :f the glass prepared frost the Bel: depend 
on the thermodynamics and krrati :* ef the resetions of oxide mixtures in molten 
and supercooled state. 

The prise technological is; treat:* cf the sol-gel procett it that it opens up a 
possibility cf preparing her: jar* rut, rig'r. temperature "glattea" and "glass- 
ceramica” at low temperature, cr.s.p an nard to prepare by Belting of oxict ti:-- 
turea. These (leases are hit; t: prepare by Belting oxides because of <*i the 
high Belting temperatures, i-.c : a itrorg tendency to crystallise uher. ceding 

through the temperature having -«xir.r crystallization rate. The sol-gel pr::et» 
is particularly suitacle for r.etin, reposition and fiber fabrication. Hence, 
the deposition of nigh- tempera I. re c:::c* datings on substrates at low tenperc- 
tures, and the fabrication :: -.-temperature glass and glass-ceramic fleers are 

of potential technological insertanre. 

Ir. thl . the following astetts :f the sol-gel processes r r* critically 

review*.' ... discussed: Prtpararror. :t Gels, Conversion of Gel Glass. 

Klcrnstructure and Structure of l-els and Gel-Derived Glasses, Au vantages, ar.c 
Applications. 


PREPARATION OF CELS 


Gelation of Silica Hydrosol 

Method 1 is baaed on the principles cf colloid science. The eaaer.. .*1 teature 
is to disperse the aetal cr.sour.es into their elenentary units in an aqueous 
solvent. This dispersed phase, railed "scl”. Is then converted into a rigid 
''gel" by destabilization process. During gelation, the overall aedlua becomes 
viscous and is then solidified by e coherent network of particles^**) . This is 
distinctly different froa precipitation. Figure 1 Indicates the process for 
preparing glass in the silicate system by chit method . 
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FIGURE 1. SOL-GEI PSCIESS FOR CLASS MAKING— FIRST METHOD 


The gelling process of silira, v.-.icr is the main constituent of silicate gel 
systeas can be represented ts f: I lows: 



OMGVtAL PAGE Ml 
Of POOR QUALITY 


A- 10 


$.?. .v.-Atryee > sol -c*i wbm w m 




W^wiri rt i| 


Woe Arid 

SIOHIg 

bmoMr) 


Wyulidt Acad 
OH 6 

\ 

HO H Si-O-fi-H OH 


0 

L t 


OH 


Sol 


(OH) 


The gelling process consists of tbr** stages: ?clym*rizatic.r. cf ronorir (silicic 
acid) to form particles, grovt:. of particles and linking ex' particles :cg*:.-.*r 
into branched chains, then net- erks finally extending througr.cu: the liquid 
medium, thickening it to gel. However, the conditions leading the rente tier, 
and growth of the particles are different f roc those leading to aggregation or 
gelation. The factors influent ing the gelling process are: pH cf the medium and 

the presence of a catalvst , electrolytes and coagulants, particle site and con- 
centration, temperature^ 1 --. 


Ine role of pH is extremely intrrtant ir. the rete of gelling of silica sol. Xr. 
certain pH regions, the scl is fairly stable. The gelling rate cf pure silica 
sol is maximum around pH i. However, the addition of mtal salts, which 
raduces the overall net repulsion effect, enhances the gelling ar.d coagulation. 
The metal ions in the +3 and -- oxidation states and cf nuclear and rare earth 
compounds may behave differently es thev^tend tc forr a condensed font cf snail 
polymeric cations in aqueous solutions'-- ) . For example, a cyclic tetraner of 
zirconium (Zr 4 ( 0 H)g<K 20 )g) e ’ , ‘ (10 a) which terms initially in a concentrated scl 
condenses further to font larger ( ' 1 OQA) polynuclear ione^ 1 ^ . These types of 
polynuclear species might react, under proper experlnental conditions, with the 
colloidal allies tc form complex metal silicate species. Hance, the critical 
step in Method I is to prepare e stable, homogeneous, multicomponent scl, which 
could destabilize to a homogeneous rigid gel, Konijnettdljk, et al, have 
reported^) the preparation of homogeneous glasses in alkali-boresilicete system 
prepared via this gel route. Mukhcrjee, Zarzyckl, and Traverse'* 1 prepared homo- 
geneous glass in rare earth silicate systes via this gel route. Also 
Shoup^ 16 ' has xeported the fabricaticn of monolithic porous silica gel articles, 
and has subsequently consolidated them to tranaparent silica bodies at 1400 to 
1720 C. 


Polymerization of Alkoxysilanes and "etal Alkldes 

Method II is based on the polymerization (hydrolytic polycondensation) of 
alkoxysilsne with other metal alkoxice* or with suitable metal salts tc produce 
multicomponent noncrystalline transparent "glass-like" gels with a network like 
Si-0- H- 0-Si- where M is a natal atom, such as Al, Tl, or B. A partial hydrolysis 
of alkoxvsilsne Introduces the active functional groups which reset with other 
reactants to form a polymeric solution which further polymerizes with time end 
Increased temperature to form e rigid gel. 

In the polymerization process cf organic compounds^ when the pelyfunctlcnal 
monomers undergo nonlinear condensation and forr a gel, the gel pcinc is defined 
aa the stage in the course cf polymerization when th* concentrate transform.* 
suddenly from a viscous liquid tc an elastic gal. At the gel point, the genera- 
tion of the infinite network commences abruptly and gel polymer lzet lor. increases 
rapidly with further condensation. As th* degree of polymerization increases 
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beyon’ the gel point, th* r.lati-e proportion* cf "sol” and "gal" havt varied 
continuously, the larger acle.ul** ir. tn* tol being prograaalvaly incorporated 
into th* gal. 

Nukherjaa* 16 ^ measured . *r.,« c: viscosity vitfc tiaa of a solution feptrad 
by raacting a mixture c: Si aMOC.Kq), EfOCnjlj, Ba(OC*Ky- and NiOCHe . 

A (harp rise of viacoaif serve: at th* gel pcir.t and an abrupt gelation 

indicating th* g*r.«raticr. the ir.tir.it* natvor.. occurred. Presumably, th* 
polymerization reactions cf »1V :■ ysilan* rid metal alkoxidct under certain 
conditions night be based ;* :■« jelitior process mentioned above. 


A schematic ci.-.grar of : * ; 11 is s'-ovr. i- F:*.r« 1. 
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ricm :. soi-cti r-xc.iss for cuss making— second method 

An overall reaction of th* frrratior of gel ir. a multicomponent ayatea may b* 
repraaanted at follow* (R is th* alkyl group): 
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The galling procaaa la cor.:r:liti by th* following Bair, factors: chemical natut* 

of alkoxldaa and other tea. tints. ratio of vat*r tc alkoxides, pH of the medium 
and th* presence cf a .ati.st. t*-:*rature, concentration of the reactants, anc 
natur* of solvents. Th* ccrrnclrgy .port diameter and pore volume) as well as 
th* atructurea of gel powders art gel monoliths art stronglv influenced bv the 
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••1 preparation procedure. 

The role of pH and the ratio cf water to alkoxldes ere extremely Important in 
controlling the hvdroly: la tr.d poly condensation rate*. The physicochemical 
nature of the gel Is cootro ltd b* chat of the intermediates which fora during 
the hydrolytic polycondensailcn reactions of alkcxysilants and metal alkoxldes. 
Moreover, a knowledge of the catalytic or inhlbitivt actions of acid or bases 
and other compounds is required for better control r: the process. The role of 
pH and the ratio of vateT to alkcxides have been investigated by Toldas^®' . 
tman»^®), and Sakka and mmiya^G) primarily ir. single component systems, such 
as aluainum alkexides, SKOC'Hj)^, and Si(OCHe):, . the results show that the 
morphology, the cooposltion c: the gel, and the der.sif ication rate are strongly 
Influenced by the pH and the ratio of water tc alkor.de. 

Di'terences in properties of gels prepared by different procedures nay be attri- 
buted to the kinetics of the cslyeerixation reactions that take place under 
different experimental conditions. For the elkoxysllanes, the mechanism and the 
rates of hydrolysis and polyccndensatlon are different in different pH regions. 

In acid solutions, the rate cf hydrolysis is proportional to the concentration of 
acid, ethoxysllane, and water. In basic solutions, the rate is proportional to 
the concentration of bate anc ethoxysllene. In strcngly acid solution;, the 
hydrolysis reaction la rapid, tne gelation tendency it low; whereas in alkaline 
medium, the condensation of SiOH groups take place mere rapidly. The hydrolysis 
rate decreases sharply with increasing molecular sit* of the alkyl groups * - 1 ' . 

It asy be anticipated that for preparing gel monoliths, a rapid hydrolysis and 
polycondensation is undesirable because they will lead to rapid growth of polyner , 
end will trap Sl-OH or Si-OR groups within the interior of large, three-dimen- 
sional molecules where they would not further condense because of steric 
hindrance. 

The picture becomes more complex in a multicomponent system because the hydrolysis 
rate of Mtal alkoxldes M(OR) x , where M is Al, Tl, Zr, etc., is much higher than 
that for alkoxysilanas. In a multicomponent system, the water addition sequence 
should alto be considered In terms of the sensitivity of the different alkoxldes 
to hydrolysis. 

Some preparation procedures involving large excess cf water should be considered 
in tens of a two-solvent colloid system where almost completely hydrolysed 
polymeric species having reduced chemical reactivity are produced. Moreover, in 
the presence of excess water, some >!-0 bonds and M-O-Sl-bonds that are highly 
susceptible to hydrolysis and ionic reactions may undergo hydrolysis and reaction, 
and Jnhomogencity night develop due to the segregation of phases in two 'Solvents. 


CONVERSION OF GEL TO CUSS 

Gel can be converted to glass in several ways: (a) conversion of gel particulate 

or cast monoliths to "glass" at temperatures below 7g, (b) conversion of gel 
particulates to glass or glass-ceramics by sintering (with or without preeeure) 
at temperatures above Tg, but well below melting temperatures, (c) conversion of 
gel particulates to glass by fusion. 

The first conversion route is based on the chemical polymerisation process at low 
temperatures. An initial msjor shrinkage of the ess: sol/solution occurs at 
temperatures below 100 C due to polycondensation end subsequent contraction of 
the gel network. Two pieces cf glass-like ««1 -aonclitha prepared by the present 
author'**'*, In alkallborosilicate system, are shown in Figure 3. The dlf v.ence 
in traneparency is due to the difference in the gel preparation procec. .e- 
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FICVRE 3. CE1 MONOLITHS DR ITT BELOW 100 C IS ALKALI-BOROS 1UCATE SYSTE' 


The converalon of (tl Bonclltht to silica glass below Tg hit Sun invet tigated bv 
wvtrtl workers. Sakka and Kiei-.i'-^' reported that th« gel to tint transition 
ttirtt ibovi 800 C and the complete denslfication take* place it >10OC C. 

Yamana. *t al"°'studled thv denslfication of tlllca gelt preparec Sv two pro- 
cedure*. The danalf icat Ion rati and tha organics raaoval vara not tha aaca in 
both caaaa. Tha (Inal danalflcatlon took place at 1070 C. Racantlv, Brinkar 
and Mukharjaa<*3' produced gala In a aul t lcoaponent tastes (SIC;, BjOj, Al’Oj, 
Ns-)", BaO) by two different procadurat and invattigatad tha gal-to-glaat conver- 
alon. Tha danalflcatlon rata, and tha raaoval of organic groupa vara dapandant 
on tha gal praparatlon procadurat. 


Hanca, tha danalf lcatlon rata, and tha final danalflcatlon teaperatures ara 
t lgnlf leant ly lnfluancad by tha norphclogy . coapctltlon, and chtcical reactivity 
of tha gal. Thaaa propartiat ara controlled bv tha praparatlon procaduraa. 


Tha synthesis of glaaaaa and glatt-caraslcs by hot praaalng gala hat bain raportad 
by Dlsllch'*’. McCarthy, at al<**’, and by Dacottlgnlca, at al(?S.26> who alao 
raportad that tha Untiring procaaa during hot nraaalng followa tha danalflcatlon 
•odal baaad on vlaeoua flow. Tha atructura of tha gal avolvat prograativaly 
toward that of glut with leu of watar and poroaity. 


Cal partlculatat, aftar tha raaoval of organlca and watar, car. ba fuiad to glut 
althar by convantlonal salting or by uiing concantratad haat. Concantratad haat 
la detrimental to aaking hetegeneou* glatt (roe convantlonal glaat batch bacauat 
of tha difficulty of attaining homogeneity, wharaat a hoaoganaout glatt can ba 
obtained bv salting sujt^ccrponer: gala by concantratad haat. Mukherjee , 


Zartvckl, and Travaraa 
furnacr. 


dasonatratad thla concept by salting gait In a aolar 


I 
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MICROSTRUCTURES AND STRUCTURES OF CELS AND CEL-DERIVED CLASSES 

Mukherjee, Zarzyckl, and Traverse* 3 ^ reported that the nlcroetructure of pheee 
•epereted glass prepared frer oxide mixtures differ* from that of gel-dtrivcc 
glaat in terms of uniformity and distribution of particle sizes. They observed 
that the rates of nucleatior. and crystallisation of glasses cade from the gels 
were much higher than those rad* from the mixture of oxides and concluded that 
the uniform cation distribution, gel structure, and the residual hydroxyl groups 
contribute to these properties. 

Weinberg and Kellson** 3 ^ observed chat the miscibility temperature of a glass 
composition in the sodium silicate system is elevated when the glass is prepared 
via the gel route. They attributed the origin of this effect to the enhanced 
water content in the gel-derived glass. Work of Mukherjee and Earzyeki*®) indi- 
cates that the microstruccure as well as the thermal history of the gel also 
contribute to the structutc and microstructure of the glasses. They observed 
that the gel prepared from the gelation of silica sol (Method 1) crystallized 
faster than that prepared by the polymerization of alkoxysllane (Method 11). The 
gel made by the p' ’ymerixation of alkoxysllane is a glass-like noncrystalline 
solid with a much ..lgher resistance to crystallization. When thermally aged 
(^500 C), a noncrystalline susnicron size La*-rlch phase (20 A size) dispersed in 
the silica network is developed. Phalippou, Zarzyckl and Lalan e (27 ' determined 
apparent activation energy of crystallization of pure silica gel prepared by two 
methods. The apparent energy of activation for crystallization of gel prepared 
by Method II is much higher than that of gel prepared by Method I. 

Recently, the auther fJ8 ' he* studied the preparation of gels in alkallborosllicate 
systems by different procedures based on the polymerization of alkoxysllane 
(Method II). The infrared spectra of the gels, prepared by two different pro- 
cedures are shovn in ‘gure 4. The first procedure consists of the following 
steps: (1) mixing tetraethyl orthosilicate with anhydrous ethanol, (11) adding 

boric acid dissolved in methanol, (ill) adding sodim methylate, (lv) initiating 
gelation by adding lest than tha theoretical water required for the complete 
hydrolysis. The second procedure consists of the following steps: (i) mixing 

tetraethyl orthosilicate with anhydrous ethanol, (li) deliberate initial partial 
hydrolysis of ethyl silicate in the presence of an acid catalyst, (ill) adding 
trimethyl borate, (lv) further pardal hydrolysis of alkoxides, (v) adding an 
aqueous solutlor of aodlis acetate. 

It is evident from the figure that the position and the features of the absorption 
band (resulting from Sl-0 bond stretching) are not the tame in both the gelt. 

The peak position of the gel prepared by the first procedure is at 1000 cm" 1 
whereas the peak position obtained with gel prepared by the second procedure is 
at 1060 caT^. The peak position did not shift by any thermal treatment steps (up 
to 500 C). The humidity treatment which had an effect on both the hydrolysis 
and the removal of chemically bonded alkoxy groups did not shift the peak 
position. 

In vitreous allies, the absorption band resulting from Sl-0 bond stretching is at 
HOC cm* 1 . The Sl-0 stretching vibration of polyslloxanes containing Sl-0 
linkage gives rise to the absorption band in the region of 1010 cm* 1 to 1090 cm -1 . 
The position of the peak depends on the nature of the polymers. There are bom 
differences between cyclic and open-chain compounds. For the cyclic compounds, 
the position of absorption peak shifts with increased ring size. In trlmer 
compounds, the band appears at 1016 cm* 1 while in the higher ring, it falls in 
the range of 1076 to 1056 cm" 1 * 2 ®'. host likely, the differences in the peak 
positions art due to the structural differences in the polymer, the nature of 
which is controlled by the gel preparation procedure. 
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FIGURE 4. infrared spectra of cels 

(NO. 1)-- PROCEDURE 1 
(NO. 2)— PROCEDURE 2 
(NO. 3)— PROCEDURE 1 AFTER THERMAL 
TREATMENT UP TC 500 C 


It 1* extremely difficult tc introduce Ti ion* into the silicate network a* Si-O- 
ri (fourfold coordination), Ti ion* separate in the fora of droplet* of T10 2 
(sixfold coordination) which crystallite* and increases the there*! expansion 
:oef f lclent. The low or :ero thermal expansion coefficient of the glasses in the 
510*'-Ti02 system is sttrib-ted to tht fourfold coordinstioo o. Ti lor.f 
lukharleeOl) prepared gels in the Ti0 2 -S102 system of different compositions 
(up to 50 vtX TlOj) bv two different procedures, based on tht polv-erixat ion of 
tetra.-'hoxy silane wi'th tic.niur n-butoxide. In the first procedure, the polv- 
conde.-etlon was effected r- exposing the solution to atmospheric moisture with- 
out deliberate addition of water. In the second procedure, the gelation was done 
rapidlv bv adding asoor.lact! water. The physical nature and xicrostructure of 
the gels were matkedlv different. In the first procedure, transparent glass-like 
gel was obtained, where in tne second procedure a white powdery gel was obtained. 
The Blcrostructures of the gels are shown in Figure 5. The gel* after * c 

100 C were examined by X-r*- diffraction. No crystallinity vat observed vlth *n> 
composition (up to 50 vtX .102)* 

The Infrared spectra of gilt prepared by two procedures are shown in Figure 6. 

Tne presence of absorptie: tanc at 960 csT 1 indicates that Ti lone are -n the 
fourfold coordination state *'■ . Note that the half width of the absorption band 
of the gel prepared bv the seccr.d procedure is ouch smaller than t..at c. the gel 
prepared by the first pro;* cure. This mav be due to the change in the nolecular 
structure. 
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FICURE 6. INFRARED SPECTRA OF CELS 
IS THE riOi-SlOi SYSTEM. 

(la) — PROCEDURE* 1 

(lb) — PROCEDURE 2. TiO,. I0X 
(2) — PROCEDURE 1. T10 2 , 2 Si 


FICURE 5. ELECTRON MICROCRA.-HS 
CELS IS THE TIOj-SiOj SYSTEM: 

(a) PROCEDURE 1. TIOj, 10i 

(b) PROCEDURE 2, TIOj, 101 
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Hence, it i* evident that the procete lead* te the preparation g:****i 
which are hard to prepare iacauaa it la extremely difficult to introduce cert air. 
cation* into the allicate retwer'. ai gleet former* hr the Belting prcceie. 


ADVANTAGES 

Several advantage! are ait.-tiata: with the preparation of glaaa*a via the gel 
route. They oav b* aursartrad •< fcllova: (a) particulat* aa well aa rettclithir 

glait-llk* tranaparent meter!*!* car re formed without melting; (b' dlatrlbutlcr. 
of cation* are in a molecular »-•!*. unique and uniform sicroatructurea car. be 
obtained in th* liquld-li;.;i Itrlacl'rllity ron«; 'c) Incorporation of tcrtalr. 
catlona in a particular cc :rlir.»t lor. itate can b« achieved; 'd) aultabl* for 
making ultrapur* glaaaea hetaua* =ar.~ alkoxidea are liquid* which can be purifier 
by dlaclllaticn; (e) highly flexible for depoaitlng "glaaa" ccu.tir.ga at lev 
temperatures; (f) both th* racrcicepic hooogeneity and auboicroacopic hcnogenelty 
of glaaa preoared by the t:l-g*l pro:*** ar* considerably better; and <g) hone* 
geneoua glaa* can be obtained at lower Belting temperature* and in ahorter 
salting timeaO). 


APPLICATIONS 

Pr*aent commercial application* cf th* aol-gel proccaa, except th* coating* on 
glaa*. ar* aoaevhat rare. However, varlou* application* that art cf pctential 
iaportanc* are a* follow*: (a) nandlthlc glaa* block* without Belting, (b) 

coating*: optical, protective, dielettric. antlreflectlve, at low-teaperaturea, 
(c) high- temperature and high-atrength glaaa and glaaa-ceraalc fiber*, (d) 
•carting Bateriala for Baking highly hosogeneoua ultrapur* glaaaea (e.g., optical 
glaaa, laaer glaaa, glaa* for optical communication*), (a) high- tenpera cure 
glaaaea containing component* that voiatlxt at high teaperaturea, (f) bigh- 
taaparatura glaa* frit* at low temperatures, (g) hoBogeneoua, ultrapur. aultl- 
coaponcnt batch for glaa* proceaalng io apace, (h) hollow ahelle for It •*• 
fualon target*, (1) lnaulttlng glee* ~r glaee-cerealca foama/f lbers , <J ) bonding 
agent* for refractory materiel*, and (k) low axpanalon glaaa. 
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The coTitilntrlMi neltiny of h:yh-purlty nultiecnpcnent 
honoy en eov -I fall and yel-sonellths offers • unique approecn 
to naltlny ultrapura nult.ccnpcnent optical ylastes in tha 
reduced yrevity environne-.t of a para . Procedures (or pra- 
parlny and charaetar Islay yala and yel-darlvsd ylaaaaa In 
tha Ha,0» 0 -(10 a/itir ara described. Praparatlon la 
ha a ad on tna > poly4ariaation reactions of elkonysilane with 
trloethyl borata or boric acid and a auitabla aodiwa coo- 
pound. Tha chemistry of tha yal '.my procaaa la dlecuaaed 
in terms of procaaa parasatara and tha yei compositions. 

Tha physicochemical natura of yala pr a par ad by thraa dlf- 
farant procaduraa vara found to by alynlfleantly dlffarant. 
Infrared aboorption apactra Indicate finite dlffarancaa In 
tha molecular atructuraa of tha different yele. The melt- 
lny of tha yel p owders and tha tranaforaation of porous 
yel-oooolitha to tranaparent * slats* without neltiny are 
daacrlbed. 


The poaelbillty of coetalnarleea aaltlny of yleaa in the reduced (realty 
enwlranmant of apace will open a unlyue approach to preparloy ultrapura ylaaa 
er aalta free free contamination free containers. Consayuantly . the optical 
and electrical properties af the aalt which ara atreeyly Influenced by trace 
Inyiurltlea can ba of superior yuallty. however, because of the abaeeee af 
yrawity-lndneod co n e ac t ion eurranta, honeyed tiny ylasa dnriny ealtley af 
conventional raw natarlaia will ba difficult In the epeea environment. Bneo- 
yanaoua. (less-like , ye Is end yel anaalltha prepared by the polymerisation 
reaetior of alkawyallana with other natal alkoaidae and/or with auitabla natal 
aaltal , ~ , l can ba uaed as tha batch natarlaia for tha eoatalnarlaaa naltlny 
of ylaaaoa In tha reduced yravity aavlroneant la apace. This approach could 
lead to o process dor the praparatlon of ultrapura optical ylaaeea. 

In tha praaant work, throe procaduraa for the preparation of yals lr. tha 
suit iconpon ant ha 2 0-»j0j-fi0j aystan are lnvaatlyated. Tha yhyelco- 
chanical nature of yala and yel -dull red ylaaaaa has bean characterised. 
Ittanpts ara nada to understand tha physlcochanlcal pro pert ies of tha yala In 
relation to the cheniatry of tha yel liny process . The transformation af 
dlffarant yala and yal-nonolitna to ylaaaaa by naltlny and by dansif yiny 
nonolithic yala arc inwavtlyatad. 


Tha starting batch conpoaitlor. of tha ylaaaaa inweatlyatad ara yive.-. In 
Tabla I. Tha ylaaa tr ant. tic:, tanparaturas of tha sane competitions pceptred 
by tha naltiay conventions! batches ara S30 C and dCO C for C omposition ’ and 
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Cospoaitlor. 3 , rupmlnljr. Oaapeaitloo 1 having high aajO o octant lloi 
away fro* tha sataatabl* liquid-liquid lasiaclblllty ao no. 

Oaapealtlor. 2 lie* Unde tha oatartable liquid-liquid insiaclblllty I3M 
aad waa ehoaan (or inwaatigatlng tha liquid-liquid phaae-aaparatlon behavior 
of gal -derived glaaaea whicn la dlacsaaed aleovharei*). 


Caspoaition 


Tha following ttartlog chMicala vara uaad aa aourcea of different osidee 
tetreathonyoeilana iliqu.J) , oathanollr aolutlon of horle acid, triaathyl 
horata (liquid), nelhanolic aolotion of aod ) m no thorn k da , aguooua relation of 
aodiM nltxata, and eqoooua aolotion of aodiM aeatata. Three procedural 
oalng thraa eourCei of «4j0 were developed and inoaatlgatod. Tala of Oaspo- 
altion 1 in particalata form were prepared by all thraa procedure*. Gala of 
Caspoaition 2 war a prepared toy Procedure 1 and 111 la particalata and In 
saaolithlc feraa. 

Procedure I . Tha atartiag eanpounda war* tetraethosyallane, boric acid, 
aad oodlta sethoalde. Oala oara aynthaaJaed la noaagaooaa aolwanta. Tha geo 
oral procado ra ooaalotad of tha following otapoi 

(1) Rising totreothosyellane with thraa tlaaa lta tolaa of anhydrooa 
othanol at 40 C 

111) Partial hydrolyala of totraathaayallaao (a) by aspooiag tha aolatlai 
containing acid cov-lyat (BCD to tha aabiant ataoaphara and atlrring at 40 e 
far aboot 1 hoar or (to! by adding a Mall proportion of aatar acidified with 
K1 aad otinia^ for 10 to IS linti.; at 40 C. Tha proportion of water that 
oeald be addod aa a in tha range 0.1 to £0.2 aol par aol of ■l<OC } h.) 4 . 

Tha oaacantration of PCI aaa in tha range .002 to .0004 nol par no! of 
■i(0C 2 lg) 4 . 

(ill) adding ■ 


dlaaolwad in hot anhydrooa aethaaol (10 g/lOC all 
aad atlrring at 40 C for 2 hoara recalled in a eolation pi 4 to I. 

(1*1 Adding aathanollc eolation of lodltax aathoolda, a tranaparent aolu- 
tlon ia produced if tha proportion of acidified water added daring pertleal 
hydrolyala ana auf f lclently law. Tha final aolotion aaa In tha pa range 0 to 
10. Tha eolation waa atirred for 2 to 1 hoara at roaa tanporatora. 

(v) Tha final eolation aaa dilated with anhydrooa ethanol to a concentra- 
tion aboot 40 g natal aside par lltor and aaa loft expo aad to tha Mb lent 
ataoaphara for gelation. 

Tha galling tlaa of tha aolotion docroaoed (a) with incraaaod na } o 
concentration, (b) with incraaaod natal aside concentration, (c) with 
Incraaaod proportion of water and acid added dt.-lng tha . iltlal hydrolyala, 

(d) with Incraaaod tnaidity of tha aablent ataoaphara daring tho final galling 


The galling tine of tha aolotion (40 g/litor) of Gaavoaltion 1 waa in tho 
in 1 to 1 hoara, whoraaa tha galling li. , of tha aolotion of Ma eonoantri 
i of Oeapoaltlon 2 waa aboot 10 hoara. 
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To prepare yel-aonoliths cf Ccapcaitior. 3, tS* final solution tfur dilu- 
tion uith anhydrous ethanol «aa poured into a yitu or preferably plastic 
container and ilioatd to (or* »•! in tha ancient ataosphere. Transparent 
«al-m>ol Ithe thus Mara dr lad aider carefully controlled conditions at rooa 
taaparatara. 

Procedure ?h* tcertir.y eorpounda war* totraarhouysllane, horse acid, 

and eodlun nitrate. scdl'je nitrate, beir.y insoluble m ale thole «er < ‘ I \ aa 
a vary dilute eyecua solution at the final eteye ef tha reactio-. T. j yen- 
aral procedure consisted of tha followiny atapai 

( I ) xlxlr.y tatreethoxyailar.e with three t in.' ltt voluna a * '• .0 
ethanol at 40 C 

(II) Partial hydrolysis or with aeldlfiad Motor at 4C C 

far about 1 hour. Tha proportion of mo tar va« around 0 .S til par tol of 
■ 1 ( 0021 ( 9)4 ar.d tha MCI arid concentration Mat m tha it-;* C.0004 *■» 

w. 0004 aol par nol ef (i'C^Uaiy. Tha aolutlon pd Ma a in tha reny* I to 4. 

(III) hddiny aathanolle boric acid and atlrrlny fox ebo-r. 1 hour at 40 C 
(la) Jkddiny ayuaoua aodita nltrata aolutlon to the nittuxa and atirrlnf 

for about 1 houra. Tha Mount of «ator *>.** u t> aodlia nltrato aaa auffi- 
clantly hlfk ao that no pcaclpltation of oodlu ' trat* occurrad aftar mixlny 
with tha alcoholic reaction mixture. Tha p* of tha final aolutlon 1 aa arouad 
1.4 Tha total aooiat of our at thla stay* *,* around 20 nola par aol of 

•l(OC2«j) 4 . 

Tha coneantration of tha aolutlon uaa approxiaataly TO « natal oxide par 
liter. Tha yalatlon occurrad aa aolutlon ute aaintelned at 40 C for 2 to 1 

day*. 

Tha fallinf tin* decreeced uith lncraaaad pd of tha final aolutlon which 
uaa con troll ad by tha concentration of aeld added duriny Initial hydrolyele 
and by tha ooneanu atlen of tha f Iral aolutlon after the addition of HadO) 
aolutlon. Tha pd ear alee be incraaaod by eddiny a ueak baa# at the final 


Procedure 111 . The start! <. oon' aunde uara tttxeethouyallene, tr methyl 
berate, and aodim acetate. an ayueout aolutlon of eodlm aeotata «ns aided 
at tha final ataya of tha reaction. 0 . 1 , ymar a 1 proeodura eonaiatad of tha 
felloulay atapai 

( I ) Uiu| tatraethenyallaae uith throe t lata ita rolat of aahydroua 
ethanol at 40 C for 10 nlautoa 

(II) Partial hydrelyola uith acidified mu tat at 40 C for about if min- 
utes. The preprrtiea ef uater uaa 1 nol par nol ef 01100219 ) 4 . Tha 
eencantratloa of aeld uoa 0.02 nel per nol of Sl'b^MU* ?ha aolutloi 

pd «a -round 0.3. 

(1111 bddiny trlantbyl borate ani atlrrlny far abo u t 3 bourn 

(It) addlny an ayneeus solurt^n cf at’dlm acetate eiOiflad with settle 
acid. Tha solution uaa stirred and uoa left for vala'loe. He* total uater In 
tha final aolutlon uaa related to the n*,C content ef the o eopjsltlon and 
tha ooncsstratlon of nodiuc scats t* aolutlon. The total reoixit of tutor for 
Cmpoaition 1 uea In the ranyj 20 to 40 aola per 001 of 01 KiM’o* 
uhereea the total an aunt of uater for Csavoaltlon 2 uaa • 1 isu as 1 0 nol* per 
nel af »i(OC 2 ijj 4 . The final aolutlon pd uoa in tha reaps 4 to 4. The 
yell ley tlaa docreasod (a) uith increased HajO concentration, (b v.th 
Inernrsad ooncentratlon of aedlun acetate aolutlon. (c) uith Verne end acidity 
af tha aolutlon before the addition of *>4iua acetate. Tha ytUlaf wt af 
tba aolutlon (40 y natal on id* per liter) of Caapealtloe ; *ua it •>» dd ton- 
utea. That f-r aclutien* of sane concentration* ef Qaapesitien 2 »ee 4 no 12 


Tha yol-nonoliths of Ceapoaitlon 3 uara prepared by porrlay tha f‘ .1 t«lo- 
tlen late a cloaad container which uea ) .ft '.T yalatlon. Oal aneolitha uara 
dried earafully to avoid crecklay. 
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Tlwmil ttMmnt and ciJTKtwtMtiM of pels 

niiml treatment procedures for the removal cf croar.ics ar.d volatile* 
consisted of heating i~ step* at a low rate ! if c/houri up to 5C1 C- The 
(ir*t soaking temperature after initial drying at 60 C for about 2 day* vac 
ISO C to remove adsorb'd water and solvents, the second soaking tamperatur* 
was 3S0 C where ecmbu*tior of the organic groups occurs. An endothermic peak 
at around ISO C and ar. exothermic peak at around 35C C obtained with the "A 
curves indicate these c-.ene-.ena. The organics removal rat* can be i-.crea**'* 
by taking further steer such as the thermal treatieent of gels in a huridiry 
chamber at around 70 C, or an cxygen etnospher* during the thermal treatment. 

Ill* removal rate is related to the gel preparation procedure as well as 
the gel coopositio-. The results suggest that different organic removal rates 
froa gels prepared fror the same composition but by different procedures could 
be releted to (1) the chemical nature of the residuel organics (2) the nature 
and size of pores ir. the gels, and (3) the rate of pore closure at tempera- 
tures below S00 C. 

The surface arees cf the gel particles and gel-nonoliths were measured by 
argon adsorption using a Micrometries instrument (Model 220S). The surface 
areas of Composition 1 gel particles were measured through a rang* of tempera- 
tures holding in the instrument at each for 1/2 hour before the measurement. 
The surface areas of gel-mcnoliths of Composition 2 were measured after 
thermal treatment at different temperatures in a furnace in air. The results 
are shown in Table II. It is evident from the results that the surface areas 
ar* strongly influenced by the preparation procedures and by the thermal 
treatment. 


TABU II 

Surface areas of gals and gel-monoliths 




Thermal treatment 


Cel preparation 
procedure 

Composition 

Bolding time Molding temp, 

(hr) (C) 

Surface arm* 
(m 2 /**) 


i 



Gal particulates 



i 

1 

1 

1/2 

ISO 

;o 

j 

I 

1 

1/2 

300 

42 

• ( 

1 

1 

1/2 

500 

0 

; 

111 

1 

1/2 

300 

25 

*. 

t 

! 

HI 

1 

1/2 

400 

100 

III 

1 

1/2 

500 

11 

! . 

t 

t 



Cel-monoliths 



t 

I 

2 

96 

150 

381 

f 

I 

2 

4 

350 

301 


I 

2 

4 

500 

253 

I 

I 

2 ’ 

1/4 

750 

3 

| 

III 

2 

4 

500 

442 




X-ray diffraction powder patterns of gels of Composition 1 were taken 
after thermal trsataent at diffsrsnt temperatures up to 600 C. The results 


6 -a- 
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the fdi (rtptni fey Precater* z end Precater* IZI tiara eon c r j a i alllna and 
that ao crystallinity developed oe the teal treatment at tteparaturet up ta Ht 
C. The maximum tiaml treatment at MO C was 40 hours. Bn gels prepared by 
Prec* *a ra II ware crystalline due to the presence of XaMOj. aowever, the 
crystallinity decreased vith increased thermal traataent time at SOO to MO C. 

Gel-arnolitks of Ccrjcar- 1 praparad by Procedure I and Procedure III 
were acncryttalline aftar t'-r -cd treatments at tem p e ratures < SOO C. naxiBir* 
heat tzaatmar.- at SCO C vat - tours. Crystallinity Jwc'-.piJ aftar hast treit- 
asat at temperatures above oil C during the 9-u-tc-glass transformation atm?*. 

Conversion cf asla to elass 

halting of sals . The gels rf Composition • after the tr.trmcl treatment -*t 
SOO C were malted at temperatures at and above tMC C to obtain cl*cr glass 
after eliminating residual carbcrs. Cazbor. ratsr.tioa in the gals departed os . 
tb* gal preparation procedure aad thermal treatment. Subsequent elimination 
ef carbon free tbs glass mss a function of tin*, isatperature , and tebiant 
atm os ph ere (i.a. . oxygen potential} of melting- Tim* and temperature required 
for obtaining visually celorleas and traaaparemt glasses of Composition t ars 
given in Table III. It is evident that residual carbon was eliminated moat 
rapidly from Procedure II gals and most sluggishly frox Procedure III gels. 


Thbtt III 

Effect of tine and temperature on carbon removal during the malting of gala ef 
Composition 1 


Col preparation 
procedure 

Melting temperatures 

fCI 

Melting time 
(hr! 

Inoearaaco 

z 

1000 

2 

Transparent, grey 
colors 

I 

1000 

3 

Transparent, color- 
less 

I 

1100 

2 

Transparent, color- 
less 

I 

1200 

1 

Transparent, color- 
less 

zz 

1000 

1 

Tran spar ant, color* 
lass 

III 

1000 

1 

Transparent, grey to 
black 

in 

1000 

4 

Nor* transparent . 
grayish 

m 

1200 

2 

Transparent, nearly 
celorleas 

in 

1200 

4 

Transparent, eclor- 

leia 


Densif Icatlcm of qal-nonolitha . Porous gel-monoliths of Coeiposition 2 
prepared by Procedure l ware heat treated st different temperatures after the 
removal of organics at 500 C. The samples ver* examined and x-ray diffraction 
patterns vara titan to detect the cryatallmlty developed. The results of the 
experiments ars shown in Table IV. The physics' appearance of a glass-lika 
gal-monolith obtained aftar dansiflcation at 700 C for 1/2 hour is shown in 
Figure 1 (page 10). 
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miu iv 

Thermal trutzwts for 'V porous 9*1 monoliths of composition 2 


Gal 

preparation 

procedure 

Staple 

It emal 
history 
C) (hr) 

MS*t 

txostaent 
(C) (hr) 

Vhysiesl 

sppssrsne* 

Crystallinity 

1 

(1) 


72 

500 

4 

Transparent, 

Noncrystalline 



15( 

1-1/4 



porous 


1 

(2) 

150 

72 

600 

1/4 

Transparent, 

Noncrystalline 



15C 

1-1 '4 



open porosity 




50( 

4 



exists 


1 

(3) 

1S( 

72 

600 

1/2 

Transparent, 

Noncrystalline 



35C 

1-1/4 



open porosity 




sot 

4 



exists 


I 

(4) 

15t 

72 

650 

1/4 

Trsnsperent 

Noncrystalline 



35C 

1-1/4 



and densified 




50( 

4 





I 

(5! 

I5r 

72 

650 

1/2 

Transparent 

Noncrystalline 



35r 

1-1/4 



and densified 




500 

4 





I 

(6) 

150 

72 

700 

1/2 

Transparent 

Noncrystalline 



35C 

1-1/4 



and densified 




500 

4 



(see Pip. 1) 


1 

(7) 

150 

72 

750 

1/2 

Transparent 

Crystallinity 



350 

1-1/4 



and densified 

detected 



500 

4 




g-quarts 

X 

(8) 

150 

72 

750 

2 

Completely 

Oystalline, 



350 

1-1/4 



shite and 

e-crystobalite 



500 

4 



opaque 


I 

(8) 

150 

72 

800 

1/4 

Completely 

o-cryetotaelite 



350 

1-1/4 



white and 




SOC 

4 



opaque 


X 

(10) 

150 

72 

850 

1/4 

Completely 

a -crystobalite 



350 

1-1/4 



white end 




500 

4 



opaque 


XII 

(11) 

Slowly 

500 C 

4 

Transparent, 

Noncrystalline 



heated to 



porous 




500 

C 





lit 

(U) 

Slowly 

700 

1/2 

Transparent 

Crystallinity 



heat 

ed to 



with slight 

detected. 



500 

c 



opacity 

8-quarts 
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DISCUSSION 

Tht formation of tne canflinwd polysilicates and subsequent gal at ion of 
tetraetkoxysilane ia the result of a complex sequence of hydrolysis and 
condensation reactions. Che complexity increases in a systex with cooponents 
having different reactivity and solubility. Gelling is controlled by the 
process parameters such as chemical nature of alkoxides and other reactants, 
molecular ratio of mater to alkoxides, the presence of catalysts and pH of the 
aediu, temperature, concentration of reactants, and nature of solvents. 1*1 

In this multicomponent systmt having reactants of markedly different 
chemical nature, it is extremely difficult to change the process paraawters 
independently of each other. Moreover, the addition of aqueous solution such 
as sodium nitrate and sodiim acetate uhich are insoluble in alcohol should be 
considered in the context of the liquid-liquid iaaiscibility 1*1 existing in 
the Si'OC 2 Hj? 4 , C 2 H 5 0a, and H 2 0 system, lhe possibility of segre- 
gating water-soluble phases under certain experiamntal conditions should be 
investigated. To homogeneously incorporate a high proportion of Ma* ions 
(which is not a network former) into a gel structure is complex and difficult. 

In Procedure I, all reactants are soluble in alcohols and it is presumed 
that a homogeneous solution of the molecular species was obtained at the final 
stage. However, the sequence of reactions may be postulated as follows: In 

acid medium, the hydronxum ion attacks the polar = Si-OCjHj bond and forms 
= Si-OH group*! 1 ®!. However, in this type of nucleophilic displacement 
reactions the reactivity decreases as more groups on the silicon atom are 
displaced. The polysilicate is formed through condensation of silanol groups: 
Si OH: or silanol and alkooty groups (SSi-CCj^sU* The further attack of 
stl-OCj'S bond in the polysiloxane by HjO might also be hindered by the 
steric effect of ethoxy groups, thus, hydrolysis of ethylsilicate is con- 
trolled by the electronic and steric effects developed during hydrolysis. 

Bence under mild condtions of hydrolysis at root temperatures and with a small 
proportion of H 2 o, the formation of low molecular-weight molecules takes 
place. Hecent work of Mace, et al * 1 1 1 on the hydrolysis of alkoxysilanes 
suggests that the polymers at the initial stage of hydrolysis might have ring 
str u ct ur e per haps a dinar with two connected rings each containing four sili- 
con atoms. Boric acid itself or methyl borate BCOCHj)] which could form 
by the reaction of methanol with boric acidl 12 ! , can react with silanol or 
alkoxy groups and form S Si-O-B • bonds in the following way: 1*1 

I I 

I = Si-OH ♦ HjBOj— — - Si-O-H-O-Si-*IH 2 0 -■ ■ 

III (1) 

OH 

= Si-OH ♦ HO-B — = Si -0-B - ♦ BOH ■ " » (2) 

S Si-OH - CHjO - B - = Si-O-B • ♦ CHjOH (3) 

An advantage of the addition of boric acid is that certain Mount of we tor 
is liberated during the reaction of R 3 BO 3 either with silanol groups or 
with alcohols and this water produced in situ could effectively induce further 
hydrolysis without addition of free H 2 0. After subsequent addition of 
soditmi aethoxide solution, the pH of the solution increases above 9, and 
consequently the mechar.isn and kinetics of hydrolysis and polycondensation 
changas.il®! Moreover, sodiiai aethoxide being highly susceptable to hydro- 
lysis (e.g. , NaOCHj ♦ b 2 0 ■ - NaOH ♦ CH 3 OR) produces OH* groups which 
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enhance the polyconder.sation end growth of the polymeric particles.' 10 - 
Subsequently , the solution absorbs sufficient water free the atmosphere or 
when free water is added, the gelation occurs rapidly. The observed increased 
gelling rate with increased proportion of water at the initial stage of 
hydrolysis suggest tnat any free water remainino before adding medium 
methoxide cause tne generation cf hydroxyl ions which enhance the gelation. 

The decreased gelling tine with increased ilaOCKg and with increased humidity 
also indicates the hydrolytic reaction cf the KaOCHy and tne catalytic 
activity of OH* groups . The incorporation of Ha" ions into the gel 
structures eight take place as follows: tiaCK generatsd by the hydrolytis cf 

HaOCKj eight react with = Si-OCjHs group to produce = SiONa . 

Sodium eethoxide havmc strong ionic character eight undergo ion exchange with 
H 4 ion of silanol groups at high pH and nay produce = SiONa. i secondary 
reaction foraing tetra-coordinated boron of the type N« ; B ( OC H 3 ) ^ ■ eign.t 
take piece when free er partially hydrolvaed BtOCHjij raacts with 
HaOCHji 13 -. 

In Procedure II, the initial reactions of tetraethoxysilane with boric 
acid are anticipated to be similar to those described for Procedure 1. 

However, the eddition of r.igher proportion of weter end of ecids would lead to 
■ore complete hydrolysis of ethoxysilane. The polymer molecules contain lets 
unreccted ethoxy groups, end the solution shows little tendency to gelation. 
Sodium nitrate additions, unlike NeOCl. , or sodium acetate, do not increase 
the pH. Consequently, the gelling time is long. Sodiw nitrate, being net 
reactive to other reactants and being insoluble ir. alcohols, segregates in the 
aqueous phase and precipates as KsNOj as the gels dry, ss evidenced by the 
x-ray diffraction results. The heat treatment at SOO C or above decomposes 
the nitratr end reactive NajO forms thus, the crystallinity decreases with 
the heat traatment. However, excess weter and the low gelation rate ere 
beneficial for hydrolysing alkoxy groups and subsequent removal of organics. 

In procedure III, the initial stage of the hydrolytic reactions in 
presence of high proportion of water and acid is similar to that of Procedure 
II. Consequently, the hydrolysis is more complete and the solution being et 
low pH (<2> shows less tendency to form gels. When sodium acetate solution is 
added, the gelation occurs due to introducing high concentration of OH ions 
prasent in sodium acetate solution: the pH of the solution increases to higher 
gelling rate region! 10 ' and gelation occurs rapidly. The surface areas of 
gels produced from the low pH solution is large because , in strongly acid 
medium, the polymeric particles cannot grow! 14 ! , consequently gels produced 
from submicron particles have higher surface areas . 

The significant difference in the surface areas of the gelt prepared by 
the different procedures (Table IV', can be interpreted in terms of the effect 
of pH on the sixe of the particles. When the gelation is done with solution 
of low pH (<2) the particle sizes ere smaller, consequently, the pore sizes 
are finer. The incorporation of Ha 4 10 ns into the gel structure might occur 
either by the reaction of SaOH produced by the hydrolysis of sodium acetats ■ 
with SSi-OCjHj group or by the exchange of H 4 ions of the silanol 
groups with Na 4 ions of acetate solution'. 'S’. But, a portion of Ka 4 
iont might remain in water phase and could produce a nenuniforr. distribution 
of Na 4 ions in the gals. 

The infrared absorption spectre of Composition ^ gals prepared by 
different procedures and after thermal treatments at different temperatures 
were taken by the KBr pellet technique, using Oigileb F7S14 spectrophotometer 
and arv shown in Figure 2. It it evident from the figure that the position 

and the features of the absorption bends resulting from Si-0 bond stretching 

are not the seme in all the gels. The peak positions wars not shifted by 

thermal treatment steps up to 500 C or by the humidity treatment that had 

affected both hydrolysis and removal of chemically bonded alkoxy groups. 
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The difference ir, the nature of the molecular atructure of the gels ee 
depicted in the infrared spectre, might have been originated due to ta) the 
difference in the structural incorporation of Sa* ions vitn the polymeric 
species of the gels, or 'it tr.e difference in the molecular structures of the 
networks p.oduced i urine the hydrolytic polycenuensation 
process' 11 ' 1 ®* ,7 - . Tr.e effects cf different thermal treatments above 500 
C on the change in molecular rtructures of the gels have not beer, studied. 
However, the infrared art Rarar. apeetra ef a'.aese* maos free the different 
gels of Coapotitior, 1 me. cate that the melting et higher temperatures "’lOO 
to 1220 C; appears tc be sufficient to give an equilibrium melt for each gel. 

The preliminary results of the der.sif nation studies of the gei-aonoliths 
of Composition 2 (see Table IV; shows that the porous gel-monoliths esn be 
densified to transperent “glass” by heat treatment at temperatures above the 
glass-transition ten par at ires. The results show that the gels have a strong 
tendancy to crystallize at higher temperatures. However, the gels cf 
Composition 1 prepared by Procedure 1 and Procedure II do not crystallize on 
heat treatment at temperatures above T- for a prolonged period (for example, 

40 hours at 600 C) . The basic reaaon for the crystallization of gels of 
Composition 2 is not understood yet. The best treatment of gels in the 
ImjOj-SiOg system shows s similar crystallizing tenoency. ! 18 ’ It is 
reported by several workerst’®- that the silica gels and amorphous 
silics powders and silica glass crystallize in presence of sodium or potassium 
salts in the 8C0 tc S5C 2 range. It it suggested’ that adsorbed 
cations entered the lattice et elevated tmaperatures causing the Si-O-Si 
bridges to rupture, thereby collapsing the structure and lowering the 
densif icetion temperatures. Tne crystallization of gels of Composition 2 is 
pretimiably due to the high reactivity of the mobile Ha* ions on the less 
tight gel structure and subsequent rupture of the Si-O-Si bonds. The high 
hydroxyl contents might also enhance crystallization. t2l) The absence of 
crystallization tendency in Composition 1 gels may be a compositional effect. 

K viscous low melting alkali borosilieete glassy phase might form at lower 
tsmperatures . He* ions bsing structurally Incorporated into this glassy 
phase becomes lass reactive and mobile, consequently, the stability of the 
gelt toward crystallization above Tg is prolonged. 

CONCLUSIONS 

Gels and gel-monoliths of different compositions in the Na.o-B^Oj-SiO. 
system can be prepared by three different procedures. The physicochemical 
nature of the gels prepared by the different procedure are significantly 
different. The chemistry of the gelling process is controlled by the various 
process parameters and by the composition of the gels in a particular system, 
molecular structures of gels having Composition 1 (vt *) SiOj 60, BjOj 
i5, Ha jO 25 prepared by different processes ere not identical. However, the 
melting of the gels at 1100 to 1200 C is suifinent to give equilibrium in the - 
melts from the different gels. Gel-monoliths having a composition ( wt %) 

SiOj 64, BjOj 12, NajO 4 can be transformed into transparent ’glass* 
by heat treatment et temperatures above Tg. But the gal has t strong 
tendency to crystallize during gel-to-’glass* transformation. The rupture of 
Si-O-Si bonds by highly aobllt Ns* ions in the less dense gel structure 
might be the reason for the crystallization of silica phase. 
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Fig. 1. Coopoaition 1 gel-monoliths 
after treatment at 700 C for 1/2 
hour. 



Fig. 2. Infrared spectra of air- 
dried gels. A. Procedure 1. 
without deliberete addition of 
acidified weter. B. Procedure 
1, initial hydrolysis with acidi- 
fied water, acidified with sctic 
anhydride before adding NaOChj, 

C. Procedure 11. t>. Procedure 

III. 
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Abstrocl . - Gel* and gel«*nonoliths in the sodium borosilicate system were prepared 
by the hydrolytic polycondensation of olkoxysilone with trimethyl borate or boric ocid 
and a suitable sodium compound. Three different procedures using three different 
sources of Na20 were developed. Crystallinity of different gel-powders and gel- 
monoliths of two compositions were exomined after thermal treatment at different 
temperatures above the glass transition :empei ature(T-). Results indicate that the 
stability of the gels toward crystallization during gel-to- "gloss" transformation 
around Tg depends on the composition, previous thermal history, and time ond 
temperature of heat treatment. The results are expioined in terms of gel structures 
and the nature and role of sodium ions in gel structures. 


I. Introduction . - In recent years, the preparation of noncrystalline silicate gels ond gel- 
monoliths and their subsequent conversion to glasses ond glass-ceromics by sintering or by 
melting have been reported by several reseorchers [I, 2, 3, 4, 5J. Research activities ond 
their scientific ond technological importance hove been critically reviewed by Mukherjee [6] 
ond by Sokka and Kamiyo[7]. 

The stability of the gels or gel-derived glasses toward crystallization (i.e., the kinetics of the 
ordering process during gel-to-glass transormction), depends on the nature of the noncrystoll- 
inity of the gel structure. The formation of o nonerystolline phase by rapidly trenching 
molten or evaporated solids is not unusual becouse the kinetic forces (e.g., the rote of 
quenching of melt or vapor and high viscosity of melts) play a major role in preventing the 
crystallization. 

The key element in developing noncrystol Unity may result from ehemieol polymerization 
conditions which can produce certain stable disordered polymeric molecular configurations. 
Kinetic foctors such as the cooling rate or viscosity do not appear to be the mojor force in 
the formation of inorganic gels from solutions. Hence, the kinetics of the ordering process 
for the gels and gel-derived glasses vpeors to be different from those of the vitreous solids 
produced from the melts [3, 8, 9, 10, II, 121 The effects of minor components and impurities 
on the kinetics of crystallization of gels are also found to be different from those observed 
with the glasses obtoined by the fusion of molten oxides [9, 13, 14, 15, 

The objectives of the present work were to (a) prepare gels ond gel-monoliths in the N 02 O- 
B 203 -SiC >2 system by different gel preparation procedures; (b) investigate the stability of the 
gels toword crystallization during gel-to-glass conversion at temperatures around T« ond (c) 
investigate the effects of chemical leoching of sodium ions from the porous gels on the 
crystallization rate during gel-to-glass conversion. 
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2. Experimentol Work ond Results . - The botch compositions of the gels investigoted ore 
given in Table I. The Tn of the glosses of the «me compositions prepored by melting con- 
ventional botches ore 570 C for Composition I ond 600 C for Composition 2. 


Table I: Composition of Gels. 




Wei|ht Percent 



Mol Percent 


Competition 

SlOj 

*2^ 

* MjO 

Si0 2 

*2*3 


1 

SO 

IS 

25 

61.78 

13.30 

24.81 

2 

M 

12 

4 

Ki3 

1062 

lii 


3. Gel Preparation Procedures . Three procedures using three sources of N02O were 
developed and investigated. Gels of Composition I were prepored in particulote forms. Gels 
of Composition 2 were prepored in particulote ond in monolithic forms. Starling ehemicols 
for each procedure are given in Toble 2. Eoch procedure followed 0 five step routine: mix 
silicon compound with ethonol, partiol hydrolysis with ocidified H?0, odd boron compound, 
odjost pH, ond gellotion. See Reference 16 for procedural details. 


Toble 2: Storting Chemicals for Gel Preparation. 


Procedure 1 

Procedure II 

Procedure III 

S 1 IORI 4 (liQuid) where R * C 3 H 5 . CM 3 

S>I0C 2 H 5 ) 4 Iiiouid) 

OiQUtd) 

H 3 BO 3 m methanol 

H 3 BO 3 in metncnol 

B(0CH 3 l (liquid) 

N»OCH 3 in methenol 

NeNC >3 <n sxccsi weter 

Sodium ceetcte m weter 

Solvent Ethenol 

Solvent. Weter end ethenol 

Solvent. Weter end ethenol 


Thermal history ond heat treatment for Composition I gels ond Composition 2 gel-monoliths 
ore indicated in Toble 3. Crystallization wos monitored by the differential thermal onolysis 
<DTA) and X-ray powder diffrocton technqiues. Experimental results ore shown in Table 3. 
All gels prepared by Procedures I ond III were noncrystolline; Procedure II gels were 
crystalline. No exothermic peak indicating crystallization was observed in the DTA curves 
for Composition I gels. DTA curves for Composition 2 gel samples shown in Figure I display 
exothermic peoks around 800 C due to cristobalite. 

The physicol appearance of heat treated monoliths at different stoges of transformation is 
shown in Figure 2. 

To determine the influence of leoching on crystallization behavior, the gel-monoliths were 
leoehed with 5N HCI for different periods and subsequently heat treoted at 700 C. 
Crystollinity and physicol appearance were compared with those obtained with the un leoehed 
samples. The results, given in Table 4, show that chemical leoching reduced the 
crystallization rate significontly. Samples crystallizing on heot treatment at 700 C, when 
leoehed, showed no crystallization, even at 750 C. 


Discussion . - The chemistry of the gelling process and its relation to process parameters and 
compositions are discussed elsewhere [I6> Gels prepared by Procedures I ond III were non- 
crystalline and remained noncrystolline on thermol treatment up to 500 C. The gels prepared 
by Procedure II were crystalline after drying ot room temperature. In Procedure II, sodium 
nitrate (not as reoctive as sodium methoxide or sodium ocetate and insoluble in alcohol) 
segregates and remains in aqueous phase of wet gels but precipotes as N0NO3 as the gels dry. 
The heot treatment ot 500 C or above decomposes the nitrate, forming reoctive Na20 which 
reocts with the polysilicic ocid species to form a vitreous phase. Thus, crystallinity 
decreases with heat treatment. 
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Fig. I : DTA curves of gels after drying in 
air at 60 C (heating rote 10 C/min). 
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Fig. 2 : Gel-monoliths: Composition 2, 
Procedure I of *r thermol treotments 
above 500 C. (!) tronsporent norcrystol- 
Nne, densified glasslike gel-monolith, 

(2) tronsluent weokly crystallized monolith, 

(3) opogue glass, ceramic-like monolith. 


The results of the crystallization studies of the gels at temperatures higher than T_ con be 
summarized as follows: (o) Composition I gels hove procticolly no tendency toword crystalli- 
zation on heat treatment obovo 500 C; the gel-to-glcss conversion con be ochieved easily 
without crystallization, (b) Composition 2 gcl-monohtns hove o strong crystallization 
tendency during gel-to-glass conversion. Class is formed on appropriate thermol treatment 
above 600 C, (c) crystallization rate of Composition 2 gels is controlled by the time ond 
temperature both of heat treatment above Tg ond of oging treatment at lower temperotures 
(e.g., 150 C), ond (d) the concentration of leochable sodium ions has o strong influence on 
crystallization rate. 

Note that the glass of Composition 2 prepared by cooling molten oxide is much more stable 
toward crystallization than the porous gel-monoliths of the some composition. Several 
researchers [13, Ik, 15, 17] repori tha* rela.iveh smell quontities of odsorbed alkali ions on 
silica gel, amorphous silica powder, and silica gloss-powders con cause crystallization at 
lower temperatures. It is suggested [9, 13, 17] that odsorbed cations enter the lattice and 
cause the Si-O-ii br : tges to rupture, thereby collapsing the texture and lowering the 
crystallization temperatures. The crystallization of gels of Composition 2 is presumably due 
to the high reoctivity of the mobile No* ions on the less compact gel structure ond, 
subsequent, rupture of the Si-O-Si bonds- Hence, the mobility, (i.e., the structural state or 
environment) of No* ions in the qel struc’ure may be an important parameter controlling the 
crystallization rate. The reason for the improved staoility toward crystallization after 
prolonged low-temperature oging might be ttie formation of more Si-O-Si bridges ond 


Table k: Influence of Leaching on the Crystallization of 
Composition 2 Procedure I Porous Gels. 


Thermal 

History 

L— hi»f 

H«it 



fhywcN 

c 

hr 

Tmmni 

TraiWfnt 

CnmNIIntty 

tsmnna 

180 

350 

500 

’H 

Non* 

700 

1/2 

h»ni»«r enrstslhrad, 
6“Cry*toB*lii* 

OpWracmt to aoMut 

800 

4 

Dilutt HO, 1/5 hr tt fit 

700 

1/2 

NoneryniMinc 

ComptstNy transparent, col Often 

BOO 

4 

Oiivtl HO. 1/5 hr r RT 

7(0 

1/2 

Noneryrullin* 

Ditto 

800 

4 

HO, 16 hr it RT 

700 

1/2 

Nnncryiul'im 
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compaction of gel structure ot lower tempe’atu'es. The work of Br inker ond Mukherjee f 1 8]J 
on the densificotion of gel-monoliths prepared S* s.milar procedures shows the evidence of 
densification ot lower temperatures. 

The great reduction in the crystallization tendency of the porous gels on chemicol teaching 
can be explained os follows. Presumably, there ere two kinds of No" ions in the gel structure. 
The leoching treatment removes one kind of Nc* ions thot are highly mobile like adsorbed 
ions and can enhance the crystallization rotes. The residual No* ions after leoching might be 
less mobile ond less effective in inducing the crystoilizotion. The absence of crystallization 
tendency in Composition I gels moy be a compositional effect; in this system o viscous, low- 
melting soda borosilicote glassy phase mignt form ot lower temperatures. Na 4 ions being 
structurally incorporated into this glassy phase become less reoetive ond mobile, 
consequently, the stability of the gels toward crystolizotion above Tg is prolonged. 


k. Conclusions . The crystallization kinetics of the gels ond gel rr noliths during the gel-to- 
gloss conversion are controlled bv the composition, the lnw-tempe:oture oging, ond heat- 
treat' - 4 conditions above Tg. Porous gel-monolithes con be transformed into transparent 
none: ystal line "glass" without melting by epprop-iote heat treatment above Tg. The removal 
of Nc* ions by chemical leaching reduces the crvstollizotion rote. The rupture of Si-O-Si 
bonds by highly mobile No 4 ions in the less dense gel structure might be the reason for the 
crystallization of silico phase. 
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